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ABSTRACT
BIOAVAILABILITY OF NUTRIENTS AND METALS FOLLOWING 
LAND APPLICATION OF ORGANIC WASTES
by
JTANQIANG ZHAO 
University o f New Hampshire, May 1998
Field, greenhouse and laboratory studies were conducted to investigate the effects 
o f soil-incorporated organic wastes on nitrogen release patterns, groundwater nitrate- 
nitrogen levels, nutrient/metal uptake, and plant yield.
Three field studies with com (Zea mays L.) as the bioassay crop were conducted 
during 1993 to 1997 at three locations in New Hampshire using a randomized complete 
block design with three or four replications, two or three waste materials as main plots, 
and various application rates as subplots. Compared to dairy manure, Concord biosolids 
showed a slower release rate measured as soil NOs-N concentrations in early season but 
higher post-harvest levels o f soil NO3-N. Increasing biosolids application rate to meet 
plant N demand in early spring is not recommended because o f the risk o f NO3-N 
leaching loss below root zone and contamination of groundwater.
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Groundwater NO3-N levels often exceeded the public health standard o f 10 mg/L 
o f NO3-N below fields amended with organic wastes. The potential for fugitive NO3-N 
loss appears higher with biosolids-amended plots than those with manure because o f the 
greater variability o f biosolids and their higher levels of organic N. Significant variability, 
particularly in N content, was observed with aerobically digested, compared to 
anaerobically digested biosolids. Use o f recommended agronomic rates for biosolids 
coupled with the use of the PSNT test will minimize the risk of groundwater 
contamination.
Lime-stabilized biosolids supplied abundant Ca which significantly elevated soil pH 
following their land application. Such a soil chemical change will dictate the frequency of 
biosolids usage on specific fields. The lack o f K in biosolids requires on-farm reliance of 
supplemental fertilizer-K to maintain an optimum nutrient balance for crop growth. Trace 
metal contributions to land from biosolids, when applied at agronomically acceptable 
rates, will be minimal; Cu and Zn were the dominant metals in the biosolids studied.
Yield response to soil-incorporated organic wastes varied from year-to-year and 
site-to-site. Analysis of variance for yield obtained from 1993 to 1997 at Site I showed 
that a significant year-to-year difference existed while no significant difference occurred 
between treatments. At Site n, com yield was more responsive to treatments in 1994 
compared to that in 1993 or 1995, which likely reflects the higher rainfall in 1994 
compared to the other years. The yield response of com at Site III indicated that the 
agronomically optimum application rate o f available N was 112 kg/ha for Hanover 
biosolids while that for Suncook biosolids was 84 kg/ha.
xvi
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Two greenhouse experiments conducted from 1994 to 1996 evaluated the effects 
o f soil temperature on N release from three organic wastes and its uptake by com, and 
bioavailability o f heavy metals across a range of soil pH’s to three vegetable plants. The 
concentration of NO3-N in soil amended with biosolids was about twice as high as that 
with manure, and six times as high as that with compost. Nitrogen uptake efficiency by 
com increased with increasing soil temperature at the low and intermediate application 
rate of biosolids; at the high application rate no relationship existed between soil 
temperature and N uptake, possibly due to phytoxicity o f elevated levels of ammonia-N. 
With soil pH adjustment, all vegetable species - bean, lettuce and radish - showed poor 
growth at low soil pH (<5.3). Concentrations ofZn and Cu in the edible portion of plant 
tissue of all species were slightly elevated with decreased soil pH with values falling within 
the normal range reported for concentrations o f these metals in plant leaves.
In laboratory incubations which used soils amended with lime-stabilized biosolids 
or biosolids compost, clay content of soil exhibited a significant influence on NH4-N 
production. Such results suggest that the large surface area o f clay may absorb readily 
decomposable organic carbon molecules or compounds and render them resistant to 
breakdown by microorganisms. Use of a labile C : total N ratio rather than a total C : total 
N ratio may be more realistic in interpreting N mineralization-immobilization from organic 
nutrient sources.
An advanced integrated monitoring systems (AIMS) was developed to track N 
transformations. The AIMS incorporated four components - PSNT samples derived from 
the root zone, soil pore moisture collected below the root zone, deep soil cores ( 1 2 0  cm)
xvii
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and groundwater samples. Results derived from the AIMS based on field studies at Site I 
and Site II showed that (1) a seasonally-delayed and quantitatively-high bioavailability o f 
N existed in biosolids-amended soils compared to manured soils, (2) acid-extractable 
levels of Zn and Cu in biosolids-amended soils were the highest among the six metals 
studied, (3) high leachability o f  NO3-N through the vadose zone to groundwater occurred 
during the post-harvest period following preplant application o f high rates of organic 
wastes, and (4) use of a 50% nitrogen mineralization rate (NMR) for aerobically digested 
biosolids, and a 30% NMR for anaerobically digested biosolids appears justified, rather 
than using the 20% NMR endorsed by US EPA for all types of biosolids, in order to 
minimize nitrogen pollution in groundwater.
xviii
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I. INTRODUCTION
A. THE ORGANIC WASTE ISSUES
Organic wastes range from many municipal solids to animal manures and 
biosolids (sludge) from wastewater treatment facilities. This dissertation focuses on 
biosolids whose generation has increased from approximately 6 . 2  million dry metric tons 
(Mg) per year in 1983 (US EPA, 1984) to 8.5 million dry Mg/year in 1990, and is 
expected to reach approximately 12 million Mg/year by the year 2000 as the US 
population grows and as more advanced waste treatment processes are instituted 
(Hasbach, 1991; US EPA, 1988). Three major options of disposal exist: incineration, 
landfilling and land application. The practice of land application o f biosolids is 
expanding due to their value as a nutrient resource which provides financial benefit to 
farmers through reduced costs o f  chemical fertilizers and savings to municipalities from 
reduced landfilling or incineration costs. However, these economic benefits must be 
balanced against potential environmental costs such as soil or water degradation. 
Bioavailability of nutrients and metals following land application of organic wastes 
requires evaluation to optimize crop nutrition and minimize environmental pollution.
B. THE LAND RESOURCES
For centuries, land has been used for recycling or disposal o f organic wastes. In 
the world, approximately 37% o f the land area, which includes cropland and grassland, is 
accessible and has the potential to be used for the disposal o f waste materials (Fig. 1).





Figure 1. Land use in the world (US Bureau o f the Census, 1993).
Of the total land resource of the United States, 386 million hectares, or about 50% 





Figure 2. Land use in the United States (US Bureau o f the Census, 1993).
In the Northeastern United States, only 21% o f the land area, including cropland 
and grassland, are accessible for land application (Fig. 3).






Figure 3. Land use in the Northeastern United States (US Bureau o f the Census, 1993).
In New Hampshire (Fig. 4) 82% of the land area is forest land and largely 
inaccessible for the disposal o f organic wastes. Only 3.5% of the total land area, or 1700 






Figure 4. Land use in New Hampshire (US Bureau o f the Census, 1993).
Challenges associated with waste disposal are directly linked to the degree of 
urbanization o f a region. In areas where population is low, waste production is also
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4usually low and land is commonly available for disposal o f many wastes such as 
biosolids. Conversely, in regions, such as the Northeastern U.S., with several urban 
areas, large quantities o f wastes are generated, and access to land is limited. In these 
highly populated areas, if land application is the chosen option for disposal o f organic 
wastes such as biosolids, management practices must integrate such components as 
nutrient optimization, cost-avoidance, social acceptance, and environmental stewardship 
to ensure sustainable land use.
C. THE GROUNDWATER IMPLICATIONS
Groundwater is the principal source o f drinking water for the US population. If 
the world’s total water supply were only 100 liters, the usable supply o f  freshwater would 
be only 0.003 liter, or one-half teaspoon (Miller, 1991). Nationally, 53% o f the urban and 
85% o f  the rural population rely on groundwater as their source o f drinking water, and 
81% o f  the community water systems in the US are dependent on groundwater (CAST, 
1985).
Non-point source (NPS) pollution from fertilizer, animal wastes, erosion, 
pesticides, and biosolids is characteristically spread over large areas at low 
concentrations. An on-going assessment o f NPS pollutants in the vadose zone (i.e., the 
zone o f  soil extending from the soil surface to the water table) is needed. The results of 
surveys o f public opinion indicate that safe drinking water is a major concern of most 
people (World Resources, 1992-93). For much of the U.S. and most European countries, 
the specific concentration of N 0 3-N in groundwater is a major priority. It is usually
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5presumed that N  found in groundwater originated from surficial applications that moved 
downward by mass flow through the unsaturated zone into the saturated zone, 
groundwater. Excessive N 03-N levels in drinking water can cause the life-threatening 
illness called methemoglobinemia or “blue baby” disease in infants (Kowal, 1985). High 
NO3 -N levels have also been linked to some cancers (Fraser, et al., 1980; Fraser and 
Chilvers 1981). To reduce the pollution risk o f NO3 -N, the U.S. Environmental 
Protection Agency (US EPA, 1993) has established a pub he health standard o f 10 mg/L 
of N 0 3-N in drinking water. In contrast, limits for “recommended” (< 11.3), 
“acceptable” (11.3 - 22.6) and “unacceptable” (> 22.6) concentrations for N 0 3-N (mg/L) 
in the water supply have been set by the World Health Organization (WHO).
Protecting groundwater from excess N 0 3-N pollution is particularly difficult 
when organic sources o f N are used on agricultural land. This is due to (a) variability in 
chemical composition, (b) preponderance o f  organic-N, and (c) N mineralization rates 
which are affected by climate and soil physical, chemical and biological processes.
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6D. OBJECTIVES
1. Determine the bioavailability of nutrients and metals from soil-incorporated 
organic wastes such as biosolids, manure and composts with emphasis on the relationship 
between total elemental concentration, loading rate, and crop uptake.
2. Quantify N release from organic wastes to the plant-soil-water system under 
field conditions to optimize N recommendations for crop production and minimize the 
risk of groundwater pollution.
3. Determine how the quality of organic wastes (C fractions), and environmental 
conditions (temperature, rainfall), and soil properties (particle size) influence N 
mineralization rates and its bioavailability and leachability from organic wastes.
4. Develop an environmental monitoring system that can be used to predict and 
monitor release processes of elements following land-applied organic wastes.
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II. REVIEW OF THE LITERATURE
A. HISTORICAL PERSPECTIVE
Land Application of Organic Wastes
The production o f municipal solid waste (MSW) by a modem society is enormous in 
quantity and highly variable in quality. Some segments are exceedingly hazardous while 
others have significant benefit when recycled. As the disposal options have become more 
restrictive, diversion of much o f the organic portion to agricultural land has occurred. The 
most significant of these “organics” include animal manures, wastewater treatment biosolids, 
and composts.
From a historical perspective, land application of nutrient-rich organic wastes such as 
animal manures has been practiced for centuries. The longest continuous research 
experiments with manure in the world are in England which were initiated at the Rothamsted 
Experiment Station in 1843 and whose early results were reported by Thome (1913). This 
field plot study was then followed by research at the Wobum Experiment Station which 
showed manure to be an excellent source of macro- and micronutrients for crops with 
considerable residual benefit (Thome, 1913).
In experiments begun in 1895 at the Ohio Agricultural Experimental Station with 
fertilizer and manure applications to com, the results indicated an effectiveness o f animal 
manure to be 57-74 percent that o f chemical fertilizers (Thome, 1913). Early studies with 
dairy animals noted that about 40 percent of the organic matter that is fed to animals is
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8returned in the manure (Warren, 1921). Research by Voorhees (1919) indicated that farm 
manure was a primary carrier o f nitrogen and a good source o f organic matter.
The use of human waste or sludge as a source o f organic matter and nutrients for 
crop growth also has a long history. Sludge was termed “night soil” in many countries 
since it was often customary, before the introduction of sewers, to remove it from cities 
and towns during the night (Wheeler, 1913). Oriental societies have a long history of 
carefully conserving human excrement, particularly in Japan and China who have led the 
world in the systematic saving and using it for agricultural purposes. In the 18th century 
in Lyons, France, and throughout England, attention was given to saving human 
excrement for agricultural purposes (Wheeler, 1913). By the 1930’s in the USA, the 
nitrogen and soil conditioning benefits o f activated sludge, which is produced from the 
biological oxidation process in wastewater treatment plants, were being recognized 
(Theroux, 1936). In those early days, sludge normally received no treatment prior to its 
agricultural use; significant construction of treatment facilities for wastewater did not 
begin in the USA until the early 1970s.
Many sludges are produced from the myriad of industrial processes now in place 
throughout the world. This paper will refer to sludge from wastewater treatment facilities 
as biosolids. Biosolids are defined by the US EPA as the primarily organic solids 
produced by wastewater treatment processes that can be beneficially recycled (US EPA, 
1994). Interestingly, the wastewater treatment industry and the US Environmental 
Protection Agency (EPA) currently use the term biosolids for products derived from 
wastewater treatment while the National Research Council (NRC) is using the term 
sewage sludge (Krauss et al, 1997).
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9Organic Waste Treatment: Biosolids
The United States Federal Water Pollution Control Act (better known as the Clean 
Water Act), as amended in October 1972, required both municipalities and industries to 
implement rigorous wastewater treatments to abate water pollution (Hue, 1995). As a 
result, the wastewater treatment facilities (publicly owned treatment works) have 
increased from 14,168 in 1983 to more than 15,000 in the 1990’s. As a result, the 
quantity of wastewater treatment sludge has dramatically increased. In 1983, the USA 
generated approximately 6.2 million dry metric tons or megagrams (Mg) of municipal 
sewage sludge per year (US EPA, 1984). Sludge production increased to 8.5 million 
Mg/year in 1990, and is expected to reach approximately 12 million Mg/year by the year 
2000 as the USA population grows and as more advanced waste treatment processes are 
instituted (Hasbach, 1991; US EPA, 1988).
Various solids are generated at different stages o f  wastewater treatment processes. 
Primary solids are removed by gravity at the beginning o f  the wastewater treatment 
process, and usually contain 3.0 to 7.0 percent total solids, 60 to 80 percent o f which is 
organic matter (dry basis). Secondary solids are generated by biological treatment 
processes called secondary treatment (e.g., activated sludge systems, trickling filters and 
other attached growth systems which utilize microbes to remove organic substances from 
wastewater). They usually contain from 0.5 to 2.0 percent total solids. Advanced 
(tertiary) solids are generated by processes such as chemical precipitation and filtration. 
The solids content varies from 0.2 to 1.5 percent total solids with the organic content o f 
the solids in the 35 - 50% range (Girovich, 1996). Primary/secondary/tertiary solids are 
commonly referred to as biosolids if  they can be beneficially utilized.
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The two major systems used for wastewater treatment are aerobic and anaerobic 
digestion (Kirchmann, 1994; Spellman, 1997). Aerobic digestion describes the microbial 
and chemical conversion o f organic wastes (with oxygen as the external electron 
acceptor) into organic matter with increased resistance to biodegradation. An equivalent 
expression to the term aerobic digestion is aerobic decomposition or humification. As the 
organic material is oxidized, carbon dioxide, ammonia, and water are formed in 
accordance with:
C5 H7 N 0 2  (cells) + 5 0 2 = 5C0 2  + 2H ,0 + NH3  
Pathogen reduction in aerobically digested biosolids, as mandated by US EPA 
regulations, is traditionally achieved by lime-stabilization at strong alkaline conditions 
(pH 12) for two hours (Vesilind, 1980). Recent improvements to digestion processes in 
the USA include Autothermal Thermophilic Aerobic Digestion (ATAD), a Process to 
Further Reduce Pathogens, as defined in the US EPA 503 regulations (Poeckes et al., 
1994).
Anaerobic digestion, the microbial transformation o f  organic material (without 
oxygen as the external electron acceptors but can include N 0 3" and S042' as electron 
acceptors) leads to a partial oxidation and partial reduction o f the organic compounds 
with the production of C 0 2, H2 0 , CH4  and H2 S. Only a small amount o f heat is released, 
so no significant temperature increases occur within the material. Anaerobic digestion 
involves hydrolytic, fermentative acidogenic, acetogenic, and methanogenic bacteria. Pre­
stage ATAD, which is used upstream o f anaerobic digesters to accomplish pathogen 
destruction to meet Class A 503 regulation criteria, is typically retrofitted into existing 
plants employing anaerobic digestion system (Snow, 1996).
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B. CHEMICAL COMPOSITION OF MANURE, BIOSOLIDS, AND COMPOST
Public and regulatory acceptance o f organic wastes for land application requires 
keen attention to their chemical composition to protect animal and human heath as well 
as the environment. Chemical content of these wastes varies greatly depending upon their 
origin and methods o f treatment. The following sections will discuss primary and 
secondary nutrients, and trace elements in manure, biosolids, and compost.
Primary Nutrients
Nitrogen (N), phosphorus (P), and potassium (K) are essential primary nutrients 
for plant growth. Agricultural crops normally contain 1.5 to 4% N, 0.2 to 0.4% P, and 1 
to 3% K in plant dry matter (Tunney, 1980; Hansen et al., 1989) with an average N:P:K 
ratio o f 9:1:7. To meet the nutrient demand o f plants the appropriate profile o f nutrients 
and their availability from nutrient sources are necessary. The nutrient profile or 
composition o f organic wastes is generalized in the following sections with 
bioavailability o f nutrients and metals being discussed later.
Farm manure is the most complete fertilizer used on farms in the USA in terms of 
N-P-K profile. Over eighty years ago, the average values o f N, P, and K in dairy manure, 
expressed as fresh weight percentage o f dairy manure, were identified to be 0.51 - 0 .6 8 , 
0.12 - 0.18, and 0.43 -  0.62, respectively (Thome, 1913). In recent years, Magdoff 
reported the average composition of dairy manure collected from farms in Vermont to be 
2.19 - 2.65 o f total N, 0.65 - 0.98% NH3 -N, 0.50 - 0.64% P, and 1.41 -1.50% K on a dry
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weight basis (Magdoff, et al., 1978) indicating an approximate ratio o f 4:1:3 for N:P:K, 
respectively.
Biosolids exhibit great variability in terms o f nutrient content (Sommers, 1977). 
Significant temporal variation exists in their chemical composition of biosolids within a 
specific treatment facility and between different facilities. The average coefficients o f 
variation (expressed as a percentage o f the mean) from a study o f biosolids from eight 
cities during a two-year period were 82% for inorganic-N, 23% for organic-N, 25% for 
inorganic-P, 95% for organic-P an 39% for K (Sommers et al., 1976). Thus, the intracity 
and intercity variability illustrates the need for biosolids analyses on a frequent basis 
when they are to be used in a land application program. Data from 15 states summarized 
by the US EPA in 1983 showed that the median level in chemical composition of all 
types o f sewage sludge was 3.30% for total N, 0.09% for NH4 -N, 0.01% for N 0 3 -N, 
2.30% for P, and 0.30 for K (Hermanson, 1983). According to these data, a rough N:P:K 
ratio of 11:8:1 existed with biosolids. Thus, compared to the more balanced N:P:K ratio 
of manure (4:1:3), the concentration o f P is very high while the concentration of K is very 
low in biosolids. One consequence o f such a ratio is that land application of biosolids at 
agronomic rates based on N allows for the accumulation o f P in soil. This could degrade 
the quality o f surface water if  runoff or soil erosion occurs since excessive P discharge is 
a leading cause of eutrophication.
Most o f the N in biosolids exists in organic form, specifically as microbial 
protein. Typical organic N percentages o f municipal biosolids range from 1.5 to 6.0 on a 
dry weight basis while the inorganic N fraction (nitrate-N, ammonia-N, and nitrite-N) 
ranges from 0.2 to 3.0% (Hermann, 1982). The high percentage o f organic N in biosolids
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makes it difficult to optimize the agronomic rate for land application because of the 
“hard-to-test” N mineralization rate. In contrast, chemical fertilizers are uniform in 
particle size, easily applied at precise rates, and readily available to plants at times they 
are most needed. Hence chemical fertilization may be more amenable to environmental 
protection. While it may be economically desirable to utilize organic wastes, thus 
decreasing the need for inorganic fertilizer, a greater leakage o f  nitrate-N to aquifers is an 
almost inevitable result (Powlson et al., 1989).
In composts, a third major organic nutrient source, the content o f primary 
nutrients is affected by inputs and composting conditions such as temperature, moisture, 
aeration, and duration o f the process (He et al., 1992; Inbar et al., 1992). Compared to 
manures and biosolids, composts contain higher concentration o f organic-N, frequently 
exceeding 90 percent of the total N content. Typical concentrations o f N, P, and K in a 
finished compost made from household wastes and sewage sludges average to 1.33%, 
0.36%, and 0.30%, respectively (Hughes, 1980).
Secondary Nutrients
Calcium (Ca) and magnesium (Mg) are classified as “secondary” nutrients but 
have essential functions in plants. Average concentrations o f Ca and Mg in plant tissues 
are about 0.5% and 0.2% on a dry weight basis, respectively (Tisdale et al., 1993). Soil 
Ca, Mg, and pH are normally optimized for crop production through a program of 
broadcast lime application.
In dairy manure, typical levels o f  Ca, and Mg range from 0.81-1.75% with an 
average o f 1.30% for Ca, and 0.32-0.66% with an average o f 0.50% for Mg on a dry
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weight basis (Mathers et al., 1973).
In biosolids, Ca, and Mg percentages (dry weight basis) from six Connecticut 
sources ranged from 1.1 to 4.3 for Ca, and from 0.14 to 0.32 for Mg (Lunt, 1959). 
Treatment methods can significantly affect Ca content. For example, lime-stabilized 
biosolids contain much higher levels o f  Ca compared to anaerobically-digested biosolids 
since the process uses hydrated lime to satisfy EPA requirements for pathogen reduction. 
This lime stabilization, involving the addition o f approximately 249 kg Ca(OH) 2  for 
every 1000 kg o f biosolids, sharply elevates the level of Ca in the finished biosolids (Jing 
et al., 1991).
With composts, the chemical composition of 44 different mature products (11 
sites x 4 seasons) was determined by Hansen et al (1995) and showed an average 
concentration o f Ca, and Mg of 3.2%, and 1.1% (dry weight basis), respectively. In 
general, Mg levels in composts are closely related to the total concentration of Ca (Logan,
1989).
Trace Metals
Organic wastes may contain significant quantities o f both essential metals such as 
manganese (Mn), copper (Cu), zinc (Zn), iron (Fe), and molybdenum (Mo), and non- 
essential elements such as cadmium (Cd), lead (Pb), and nickel (Ni). An excellent review 
of trace metals in the terrestrial environment has been conducted by Adriano (1986). The 
non-essential metals may exist as contaminants and pose a potential risk to crops, soils, 
waters or humans. Each element has unique chemical properties which may affect its 
behavior in soil, uptake by plants, and toxicity to plants, people and animals. Much
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attention has focused on cadmium due to its relatively high solubility, absorption by 
plants, and extreme toxicity to biological organisms.
Cadmium is a non-essential metal o f special significance to land application 
programs with waste materials since it is readily taken up by roots and distributed 
throughout the plant. For example, in rice fields in Japan where Cd contamination of Cd 
to I - 50 ppm existed, very high Cd contents in plant tissue were reported (Yamagata and 
Shigematsu, 1970). According to Chaney (1974), one way to reduce the likelihood of a 
toxic level of Cd in food crops grown in biosolids-amended soil is to reduce the Cd 
content o f sludge to 1.0% or less of the Zn content. The rationale behind this 
recommendation is that Zn toxicity to the crop would occur first, before the Cd content o f 
the crop would reach levels that could constitute a health hazard.
In general, trace metal levels of dairy manure rarely exceed concentrations 
sufficient to pose any risk to plant growth and human health. In fact, manures are an 
excellent source o f essential trace metals and in their absence, reliance on chemical 
fertilization may be necessary. For instance, to satisfy Zn needs, Tisdale et al (1993) 
stated that applications o f 3.3 - 11 kg/ha of inorganic Zn can be effective for 3 to 5 years 
in many cropping situations. Animal rations are also frequently supplemented with trace 
metals and the US National Research Council (1989) has identified specific levels of 
trace elements in dairy rations which are optimum for animal health as well as 
concentrations considered to be toxic.
Unlike dairy manure, the high Cu concentrations which are commonly observed 
in poultry manure reflect the addition of CuS0 4  to the poultry ration (Stephenson et al.,
1990). Copper levels in poultry litter are reported to range from 25 to 127 mg/kg with a
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mean o f 55.8 mg/kg (Edwards et al., 1992). Manure from pigs has also been reported to 
have extremely high levels o f Cu due to dietary supplements o f CuS04. In Virginia, 
manure from pigs receiving feed treated with CuS0 4  had Cu concentrations that ranged 
from 899 to 1398 mg/kg (Mullins et al., 1982).
In biosolids, ranges and median concentrations o f the five priority trace metals 
(Cu, Zn, Cd, Pb, and Ni) which are being considered in this thesis are provided in 
Table 1.
Table 1. Range and median concentrations of trace metals in biosolids.
Metal Concentrations (mg kg", dry basis) Range Median
Cadmium 1-3,410 1 0
Copper 84- 17,000 800
Lead 13-26,000 500
Nickel 2 -5,300 80
Zinc 101 -49,000 1,700
From Mark J. Girovich (ed) Biosolids Treatment and Management 1996
Trace metal concentrations o f compost have been determined by Petruzelli et al. 
(1985). One important feedstock which affects the trace metal content o f  compost is 
wood ash, which is used for odor control in composting o f biosolids. Municipal solid 
waste (MSW) compost contains varying levels o f regulated metals whose concentration is 
greatly affected by the source material, the specific composting method, and 
environmental conditions surrounding the composting process.
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C. BIO AVAILABILITY OF NUTRIENTS FOLLOWING 
LAND APPLICATION OF ORGANIC WASTES
Bioavailability, in the context o f  this thesis, is considered to be the availability of 
an element for plant uptake. A chemical element is bioavailable if  it is present as, or can 
be transformed readily to, the free ion species. The movement of the ion to and 
absorption by plant roots then affect the life cycle of the plant (Sposito, 1989). 
Knowledge about nutrient and trace metal release from organic wastes is important to 
assure adequate nourishment o f crops without jeopardizing the environment. The loss of 
fugitive N to surface or groundwater constitutes the major nutrient management problem 
in landspreading o f organic wastes.
Nitrogen
Bioavailability o f N from organic residuals can be evaluated using laboratory 
incubation studies with or without a growing plant, or determined using field crop 
experiments (Hadas et al., 1994; Eno, 1960; Garau, 1986; Stanford et al., 1972; Dou et 
al., 1996; Sema et al., 1991). Douglas and Magdoff (1991) found the Walkley-Black 
analytical method to be the most useful index to rank residues based on their potential of 
N mineralization.
Using biosolids, a laboratory study by King (1984) indicated that N was more 
available from aerobically digested compared to anaerobically digested material. 
Variation in N availability with each sludge type was large and use of an “average value” 
could lead to large errors in application rates. For example, availability o f  N from
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industrial wastes ranged from immobilization with paper mill sludge to a mineralization 
of 520 g N/kg (52%) o f the organic N in sludge from a poultry processing plant (King, 
1984). Because o f this inherent variability, the best use o f any N availability index for 
organic wastes will probably be to identify conservative loading rates to avoid their 
overuse.
Many field experiments with vegetation have been conducted to quantify N 
availability from organic wastes (Skousen et al., 1993; Peterson et al., 1994; Durieux et 
al., 1995). The results of such studies indicate a strong climatic influence, whose 
variability has complicated efforts to accurately predict N release from products such as 
biosolids.
Plots receiving application of organic wastes often produce larger crop yields than 
those plots whose fertility is equivalent or greater but derived from chemical fertilizers. 
It has been suggested that a major effect of organic wastes such as dairy manures and 
biosolids is not simply the direct (or short-term) fertilizer effects but the so-called 
“organic matter effect”. This effect is an increase in crop productivity which is not 
explained by mineral nutrients alone (Chen, 1986; Spalding and Exner, 1993).
De Haan (1981) noted that most of the N applied in compost was organically 
bound, with only 10 to 15 percent released in the first year with no significant residual 
effects in subsequent years. Nitrogen release from composts is greatly influenced by their 
C/N ratio which is one index o f compost “quality”(Roig et al., 1988; Inbar et al., 1992). 
Inbar (1992) and many other researchers have also shown the importance of compost 
maturity as a quality measurement of critical importance to plant performance. In an 
immature compost, active decomposition and ammonia (NH3) production is still
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occurring, and even if a satisfactory C/N ratio exists, NH 3  toxicity to plant roots may 
occur. One of the approaches to avoiding NH3  accumulation within composts is frequent 
turning and aerating the “pile” during the compost process whereby NH3  is volatilized or 
converted into nitrate-N.
Phosphorus
Bioavailability o f P mainly depends on soil pH and the quality of the organic 
wastes (Brady, 1990; Furrer et al., 1981). Phosphorus, which exists in soil solution in 
anionic form as orthophosphate ions (H2 P 04‘ and HP042"), is strongly adsorbed under 
acid conditions by hydrous oxides of iron and aluminum. If  the soil is sufficiently acidic
to yield significant concentrations o f soluble iron and aluminum, then these cations will
usually precipitate phosphate as shown by the following chemical reactions (Tisdale et 
al., 1985):
Fe(OH) 3  +- H+ + H2 P 04' = FeP0 4  (2H ,0) + H20  
Al(OH) 3  + H+ + H2 P 04‘ = A1P04  (2H2 0 )  + H20
The P needs of agricultural crops is typically only about 10-25% of the N 
requirement (Cooke, 1982). Since biosolids generally have a 1:2 ratio of P:N (Smith, 
1996), the current practice o f applying biosolids according to the N requirements o f crops 
will usually supply excessive quantities of P. In contrast, supplemental K is usually 
required due to the extremely low K content in biosolids.
Although the concentration o f total P in most organic wastes is quite high, most is 
unavailable, with only about 15 percent of the P in products such as compost being 
available during the first two years after application (De Haan, 1981; He et al., 1992). De
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Haan also noted that P may be unavailable due to interaction with high levels of Ca in the 
compost. Terman et al. (1973) found that P in a mature compost was 71% as effective for 
com as the same amount o f the P in soluble fertilizer.
Potassium
The K content o f biosolids is always low (Anderson, 1955). Because of this K 
deficit, Hall and Williams (1984) noted that land application of biosolids requires 
adjustments to the recommended quantities of fertilizer K necessary for most cropping 
situations. Recent research conducted on New Hampshire farms indicate that soil test 
values of K. decrease with the use of biosolids but tend to increase with the use o f dairy 
manure (Estes et al., 1995).
Calcium
The plant nutritional benefit following land application o f lime-stabilized 
biosolids is an increase in soil pH and Ca concentration o f crops, but often a depression 
in K uptake (Sonn et al., 1978ab; Logan & Chaney, 1983). Composts produced by using 
lime-stabilized biosolids as a feedstock contain high levels o f  Ca in the final product and 
their land application often decreases P availability (Jing and Logan, 1981; De Haan, 
1981).
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Magnesium
Limited attention has been devoted to the bioavailability o f biosolids-derived Mg 
in soil due to the fact that both Ca and Mg are generally applied in relatively large 
quantities and are not usually yield-limiting factors (RechcigI, 1995).
D. BIOAVAILABILITY OF METALS FOLLOWING LAND 
APPLICATION OF ORGANIC WASTES
Metal bioavailability is affected by many o f the processes that affect nutrient 
bioavailability. Thousands of research publications have been devoted to measurements 
o f metals in soils designed to predict their availability and uptake by plants as well as 
fugitive loss to non-target application sites. To assess bioavailability, different extracting 
solutions are usually used, such as CaCl2, acetic acid, and nitric acid; and chelating agents 
such as ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid 
(DTP A).
Numerous pot and field studies have shown highly significant correlations 
between EDTA-, DTPA-, and CaCl2-extractable Cd, Zn, Cu, Ni, and uptake of these 
metals into the tops o f a number o f crops (Hooda and Alloway, 1994; Kuo et al., 1985; 
Minnich et al., 1987). In terms o f specific metals, the complexity o f the problem is 
illustrated by Lexmond (1981), who has argued that H N 03-extractable Cu should not 
exceed 30 mg/kg for each percentage of organic matter in slightly acid soils in order to 
avoid toxicity to crop plants. Metals extracted by DTPA and EDTA are largely in
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exchangeable, organically-complexed, and carbonate forms, and tend to correlate with 
metal uptake by plants (Walsh et al., 1972). It has been cautioned, however, that these 
chelating agents may not measure availability (Beckett et al., 1983). For example, while 
DTPA extractability o f Pb and Cu may increase with increasing soil pH, plant uptake 
sometimes decreases (Merry et al., 1986b).
Metal bioavailability o f specific metals depends on soil physical and chemical 
properties such as soil organic matter quality and quantity, the amount and form of metal 
applied to the soil from organic wastes, and plant factors such as species, rooting pattern, 
and root absorption capacity at different stages of plant growth (Loneragan, 1975). The 
following review o f  literature considers cadmium, copper, lead, nickel, and zinc, their 
role in plant growth, uptake and concentration in plant, and forms and mobility in soils.
Cadmium (Cd)
Of all the heavy metals, the presence of Cd in organic wastes which are land- 
applied poses the greateset potentially serious environmental and health risk. Cadmium 
has well defined deleterious effects on several physiological processes and plant yield. It 
inhibits photosynthesis, transpiration, enzyme activity and decreases chlorophyll content 
in leaves (Pahlsson, 1986).
Cadmium, chemically similar to Zn, but having a non-essential role in plants, is 
readily taken up by plant roots (Pahlsson, 1989). Once absorbed, Cd ions accumulate in 
plant tissues. Because Cd is quite readily translocated by plants, and is a cumulative 
poison in animals, this accumulation in plant tissues is a potentially health issue (Kabata- 
Pendias and Pendiao, 1992).
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Cadmium is present in soil as Cd+2, CdCl+, CdOH+, CdH C03+, CdCl3', CdCl4"2, 
Cd(OH)3‘, and Cd(OH)4'2, with Cd+ 2  being the most important since this represents the 
plant-available form of Cd (Nriagu, 1980; Andriano, 1986). Data o f  Mahoer et al. (1987) 
illustrated the importance of organic matter in limiting Cd availability where soils with 
low Cd/C ratio limited plant uptake o f  Cd relative to soils with higher Cd/C ratios.
Mench et al. (1994) have recently showed that phosphates or carbonates in 
biosolids can effectively immobilize heavy metals such as Pb and Cd into relatively 
insoluble forms through adsorption or precipitation. Oxides of Fe and Al are also known 
to have a strong tendency to adsorb metals such as Cu, Pb, and Zn. Precipitated heavy 
metals tend to be concentrated at surfaces o f soil colloids rather than be buried within 
structures (Adriano, 1986).
Copper (Cu)
Copper is an essential plant nutrient for photosynthesis, respiration, N-reduction 
and fixation, and water permeability o f xylem cells. The symptoms o f  Cu toxicity include 
small chlorotic leaves, early leaf fall, stunted growth, and poor root initiation and lateral 
development (Pahlsson, 1989).
Copper enters the plant in a dissociated form and the rate o f  uptake of the metal is 
dependent on the species of the ion that enters the plant. The uptake mechanism for 
copper is metabolically active at normal levels ( 1 - 2 0  ppm), and passive at toxic levels 
(>20 ppm) (Leeper, 1978; Kabata-Pandias, 1993).
In soils, copper usually exists as Cut 2  and CuOH+I ions which are very mobile 
below pH 6.0. The concentration o f available Cu depends on the amount o f soil organic
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matter where insoluble organic matter (e.g., humic acid) strongly binds Cu and 
effectively inhibits its diffusion to roots and subsequent uptake by plants (Lehmann, 
1993). Conversely, soluble organic matter (e.g., fulvic acid) raises the carrying capacity 
o f soil solutions for Cu at any particular pH by forming soluble metal-organic complex 
(McBride, 1994). In fact, a large fraction o f metals in sludge is probably associated with 
organic matter (Baldwin et al., 1983).
Lead (Pb)
Lead has no essential biological function but is of critical interest because of its 
toxic effects on humans. Children have a higher risk o f Pb poisoning due to their smaller 
size and increased risk of ingestion o f Pb paints or contaminated soil. Lead poisoning 
may cause paralysis, brain damage, vision problems and intestinal cramps (Kendler,
1993).
The effects of Pb on plants are strongly influenced by environmental and soil 
factors. The major soil factor governing Pb availability is low pH which increases its 
availability for uptake by plant roots. If  absorbed in excess, symptoms o f  Pb toxicity in 
plants include reduced leaf size and stunted growth resulting from its inhibition of 
photosynthesis, transpiration, enzyme activity, and chlorophyll synthesis (Pahlsson, 
1986).
The uptake of Pb by plant roots is passive; the metal is absorbed by root hairs and 
stored in the cell walls. It is not generally available to plants and when it is absorbed, it
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remains in the roots with only about 3% o f total plant-Pb found in above ground plant 
tissues (Kabata-Pendias and Pendias, 1992).
Lead occurs naturally in the soil as PbS with the plant-available forms being Pb+ 2  
and Pb+4. It also occurs organically as tetraethyl lead [(CH^CH^Pb] or trimethyl lead 
[(CH3 )3 Pb], which are emitted as unbumed or partially combusted fuel vapors (Wellbum,
1994). Lead is essentially immobile in soils and in usually associated with organic matter 
and inorganic sorptive minerals. Baldwin et al. (1983) reported that a large part o f  the 
biosolids-derived Pb in soil is associated with organic matter in biosolids.
Nickel (Ni)
Nickel can be harmful to plants at relatively low concentrations, particularly when 
grown on acid soils (Page et al., 1989). This is because Ni is mobile in plants and 
accumulates in plant leaves, stems, flowers and seeds. Symptoms o f Ni toxicity include 
stunting, Fe-induced chlorosis, decreased absorption of nutrients, inhibited root 
development, reduced metabolism, and inhibited photosynthesis and transpiration 
(Kabata-Pendias and Pendias, 1992).
Nickel is absorbed by plants as Ni+ 2  and a  number of organic forms (Sunderman 
et al., 1980). The extent o f uptake is influenced by its concentration in the soil and soil 
pH. Once absorbed into the root, it is readily translocated (Nieboer and Nriagu, 1992).
Nickel is present in soil as Ni+2, NiOH', H N i02" and Ni(OH)3\  As with most 
heavy metals, its availability in the soil is inversely related to soil pH, such that an
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increase in pH leads to decreasing Ni availability (Adriano, 1986). Davis and Cariton- 
Smith (1984) have proposed a level of 200 mg/kg for Ni in soils at pH 7 as a 
phytotoxicity level. However, no consideration was given to phytotoxic levels at lower 
soil pH.
Zinc (Zn)
Zinc is concentrated in mature leaves, chloroplasts, vacuole fluids, and cell 
membranes (Kabata-Pendias and Perdias, 1992). Generally, there is more Zn present in 
plant roots than in above ground tissues. Although Zn is essential for both plants and 
animals, being used to produce several enzymes (Nriagu, 1988), an excess o f Zn in plant 
tissue (>100 ppm) causes stunting and chlorosis o f  shoots and inhibits root growth. Also, 
the cells in the epidermis may become lignified when exposed to excess levels o f Zn. 
Zinc excess also decreases the amount o f chlorophyll in leaves and slows the rate of 
photosynthesis. Like Cu, an excess o f Zn will increases the permeability o f  root cell 
membranes and allow nutrient leakage (Pahlsson, 1989).
Zinc is taken up as Zn’*’4’, complex ions and Zn-organic chelates. The uptake o f Zn 
is linear with the concentration in soils and is usually a metabolically controlled. Normal 
levels of Zn in plants are 20-73 ppm with deficiency symptoms occurring at levels below 
20 ppm in most plant species (Andriano, 1986).
Zinc is found naturally in the soil as Zn sulfide (ZnS). Its availability is 
controlled primarily by soil pH and its association with Fe and Al oxides (Adriano, 1986; 
Kabata-Pendias and Pendias, 1992; Nicholas and Egan, 1975).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
27
Findings on Zn mobility in soil are inconclusive. Alloway and Jackson (1991) 
found that Zn, like most other metals, doesn’t leach below the surface soil, even over 
periods o f several decades. However, in some long-term field experiment with organic 
wastes, evidence for metal percolation, perhaps facilitated by mobile colloidal particles or 
soluble anionic and uncharged complexes of inorganic or organic ligands, has been found 
(McBride, 1995). In one case, downward migration o f Zn was observed seven years after 
biosolids application, where both organic matter and soluble Zn were higher at the 40-60 
cm depth in the sludge-treated than in the untreated soil (Compbell and Beckett, 1988). 
In acid soils, the movement o f  Zn to a depth of 60-90 cm was observed following six 
years o f sludge application (Tobertson et al., 1982). Dowdy et al (1991) was unable to 
recover, by ashing and concentrated HC1-HF digestion, more than 60% o f sludge-bome 
Zn, Cu, and Cd added to a Blount silt loam (Aerie Ochraqualf, fine, illitic, mesic) over a 
14-year period.
In general, unless soils are coarse-textured or very acid, the mobile fraction of 
most sludge-applied metals is small, at least as long as organic matter from the sludge 
persists (McBride, 1995). Dowdy and Volk (1983) presented a rather extensive review 
of research data to help define soil conditions where leaching o f sludge-bome metals 
might occur. They found very little evidence of trace metal movement beyond the zone 
of incorporation and concluded that any such movement “ ... will likely occur with large 
(sludge) applications to a sandy, acid, low organic matter soil which receives high rainfall 
or irrigation.”
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E. ENVIRONMENTAL, SOCIAL, ECONOMIC AND HEALTH ISSUES 
ASSOCIATED WITH LAND-APPLIED ORGANIC WASTES
Risk Assessment for EPA 503 Rule
The United States Environmental Protection Agency (US EPA) has established a 
rule (40 Code of Federal Regulations Part 503) to promote practices that provide for the 
beneficial use of biosolids, while maintaining or improving environmental quality and 
protecting human health (US EPA, 1993). The current rule for the land application of 
biosolids (40 CFR Part 503) is the result o f nearly 10 years o f  intensive study and 
development. This process involved detailed scientific risk assessment with careful 
evaluation o f the available data, and the use of models and realistic assumptions (US 
EPA, 1994).
The premise o f the EPA guidelines was the recognition that high quality biosolids 
could serve as an economic nutrient-rich fertilizer and be safely utilized if  applied at 
agronomic rates and managed properly. In practice, thousands o f publicly owned 
treatment works (POTW) are currently releasing their biosolids for use as an organic 
fertilizer and soil conditioner on land throughout the United States. For example, over 
55% and 90%, respectively, o f all biosolids produced in Ohio and Maryland are used on 
land (EPA 832-R-94-009, 1994).
Municipalities in the U. S. currently generate more than 8.4 million dry tons of 
biosolids per year with about one-half (equivalent to about 4 million dry tons) being land 
applied (Clapp, 1994). If  one assumes an agronomic rate of 5-10 dry tons biosolids per 
acre, an average concentration o f total N 4%, a 50% NMR of the total N, and a $0.30 per
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pound o f available N, then the potential economic value of the 4 million dry tons of 
biosolids being applied to land equates to 48 million dollars per year. Since this 
computation and monetary value are considering only N, if P, K, Cu, Zn are also 
considered, the value exceeds 100 million dollars. Furthermore, the value o f organic 
matter as a “non-nutritive” component is noteworthy. At the municipal level, the savings 
which accrue from land application of biosolids are significant compared to alternative 
disposal methods of landfilling or incineration.
In a study conducted on com fields by Jarrett et al. (1996) it was concluded that 
the sensible use o f biosolids as an alternative fertilizer source can replace conventional 
inorganic fertilizers, reduce nutrient costs, and maintain or enhance yields. The use of 
biosolids showed yields equal to or greater than those crops produced with inorganic 
commercial fertilizer. The cost savings by using biosolids on their test plots was in an 
excess o f $ 2 0 0  per acre which does not include a monetary value for the added organic 
matter which improved soil tilth and water holding capacity.
Girovich (1996) stated that the biosolids treatment and beneficial use market in 
the USA is estimated to be in the $1.5 to 2.0 billion range annually (1995). Costs of 
treatment and beneficial use of biosolids varies widely from as low as $90 for land 
application o f stabilized biosolids to as high as $400 per dry ton for heat drying, 
including capital and operational costs.
Human-health assessments for the 503 regulations are based on RfDs (Reference 
Dose) for non-carcinogens and cancer potency factors for carcinogens. Both o f these 
measures are generally considered conservative, that is, they predict a greater impact on 
human health than is likely to actually occur. The reference dose is defined as an estimate
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of a daily exposure to the human population (including sensitive subgroups) that is likely 
to be without appreciable risks o f deleterious effects during a lifetime. It is based on the 
most sensitive adverse effect found by toxicological testing and then applying a series of 
uncertainly factors so that higher exposures may also not present any appreciable risk 
(Forste, 1996).
The body of literature generally views properly designed biosolids application 
programs as posing little threat o f bacterial or viral contamination o f groundwater (Krauss 
et al., 1997; US EPA, 1994; US EPA 1983). In work by Krauss et al. (1997), results 
suggested that human exposure to pathogenic protozoa or helminths through groundwater 
is unlikely. Likewise, work by the Council of European Communities (1991b), which 
focused only on protection o f  waters against pollution caused by agricultural use of 
biosolids, indicated that groundwater is unlikely to be threatened from biosolids used at 
appropriate rates and managed properly. In the case o f nitrate-nitrogen (N 0 3 -N), work by 
Peterson (1994) showed that land application o f sludge may raise the N 03-N 
concentration of groundwater above the drinking water standard o f 10 mg/L as N. This 
loss of fugitive N from landspread residuals represents the area o f greatest concern to 
farmers, regulators, researchers and the general public. However, Kowall (1985) showed 
that proper siting and management practices, e.g., matching loading rate to crop uptake, 
can serve to prevent such losses.
Comparison of Standards: US versus Europe
In general, the US standards for metal concentrations in biosolids to be landspread 
are less restrictive than standards o f many European countries. A comparison of the
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standards between US and European countries is given in Table 2. For all contaminants 
except Pb, the US EPA “EQ” standards are significantly higher than values used 
elsewhere when biosolids are being considered for unrestricted use. The US EPA rules 
allow the application o f biosolids with metal concentration up to the ceiling limits to be 
used in home gardens. For biosolids not meeting EQ limits the total amount of any 
contaminant applied cannot exceed the cumulative limit. Approaches used by European 
countries to achieve sustainabililty is to work towards limiting inputs to the soil so they 
do not exceed outputs, thus preventing accumulation o f pollutants in the soil; in practice, 
this is conducted by monitoring metal concentration in soil and maintaining the balance 
of inputs and outputs (McGrath et al., 1994; Witter, 1996; Munters, 1997).
Table 2. Comparison o f US and European standards for pollutant concentration in 
biosolids. Values are part per million or mg kg' 1 dry basis._______________________
Trace Elements Cd Cu Ni Pb Zn
USEPA EQ Biosolids 39 1500 420 300 2800
USEPA Ceiling Limit Biosolids 85 4300 420 840 7500
German Biosolids 1 0 800 2 0 0 2 0 0 2500
Sweden Biosolids (1994) 4 1 2 0 0 50 2 0 0 800
Sweden Biosolids (1996) 2 600 50 1 0 0 800
Netherlands Biosolids 1.25 75 30 1 0 0 300
Norway Biosolids 2.5 1 0 0 0 50 80 800
Harrison, E.Z., M.B. McBride and D.R. Bouldin. 1997. Recommendations for land application of sewage
sludges and an appraisal of the US EPA’s Part 503 sludge rules. CWMI, Center for the Environment, 
100 Rice Hall, Cornell University, Ithaca, NY 14853-5601.
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III. MATERIALS AND METHODS
A. FIELD INVESTIGATIONS 
Site I: Release of Nitrogen and Trace Metals, and Response of Corn 
Following Land-Applied Biosolids and Manure
This study was conducted on an Ondawa fine sandy loam (coarse loamy, mixed, 
frigid, Fluventic Dystrochrept) at a commercial dairy farm in Boscawan, New Hampshire, 
hereafter referred to as Site I. The purpose of this study was to determine 1) the 
bioavailability of nutrients and metals from biosolids and dairy manure amended soil 
with emphasis on the relationship between loading rate o f total element and crop 
response, 2) the relationship between NO 3 -N concentration in soil, soil pore water, and 
groundwater to application rates o f broadcast, soil-incorporated biosolids and dairy 
manure using values derived from various sampling protocols, and 3) the mobility of 
N 0 3-N and selected metals within the soil profile using the soil core sampling method.
1993
The experiment was initiated on April 24, 1993 using a randomized complete 
block design (Figure 5) with three replications, two materials (lime-stabilized dewatered 
biosolids and dairy manure) as main plots, and four application rates (0, 56, 112, 168 Mg 
ha'1, wet weight basis) as subplots.
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1 1 Control ^  Biosolids (25)
Current Practice a l  Manure (25)
Biosolids (50) 
l § |  Manure (50)
Biosolids (75) 
Manure (75)
Figure 5. Experimental design of Site I: Effects o f  soil-incorporated biosolids and dairy 
manure on release o f nutrients and metals and com response. The experiment was 
conducted on a commercial dairy farm in Boscawen, New Hampshire, from 1993 to 
1997.
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Characterization o f soil collected at the site before initiation of the experiment is 
shown in Table 3. The methodologies for these analyses are given in the section on 
Analytical Procedures (p. 74).
Table 3. Chemical and physical characteristics o f soil at Site I before initiation of the 
experiment in 1993a._______________________________________________________
Parameters Values Parameters Values
pH 7.2 Nutrients'3, mg kg'1
SOM, % 3.5 P (available) 171
Org.-C, % 1.9 BC (available) 142
C/N 18.5 Ca (available) 1412
CEC, meq/lOOg 8.4 Mg (available)





Base saturation, % Cr 5.0
K 4.4 Cu 8.0





J All values are expressed on dry weight basis. 
b All nutrients were extracted via Mehlich-3 extracting solution. 
c All metals were extracted with 8N nitric acid.
One of the two waste materials, biosolids, used in the experiment was obtained 
from the Concord Wastewater Treatment Plant in Concord, NH. This product was a lime- 
stabilized, aerobically-digested semi-solid cake. The manure was from the dairy herd at 
the Boscawan farm. Chemical composition of the biosolids and manure is shown in 
Table 4.
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Table 4. Chemical analysis o f lime-stabilized, aerobically-digested biosolids, and dairy 
manure used at Site I in 1993a.
Parameters Concord biosolids Dairy manure
pH 10.4 7.8
Total solids, % 35.7 20.5
Nutrients, %
TKN 0.52 0.84
n h 4-n 0.28 0.65
n o 3-n 0.10 0.15
P (available) 1.57 0.39
K (available) 0.08 0.75
Ca (available) 5.90 0.99
Mg (available) 0.30 0.47












‘Assay by Chem Serve Environ. Analysts, Milford, NH; All values on dry weight basis; Metals assay via
EPA Protocol SW 846-3050B.
The two materials were applied at four rates and incorporated into top the 10-15 
cm of soil on April 28, 1993. Nutrient and metal loading rates for the two materials in 
1993 are given in Table 5. Noteworthy features include the high rates o f total P and the 
extremely low rates o f K being supplied from the biosolids.
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Table 5. Nutrient and metal loading rate o f Concord biosolids and dairy manure at Site I 
in 1993.
Parameters_________________________________Loading rate_______________
Concord biosolids Dairy manure
Wet weight, Mg ha" 0 56 112 168 0 56 112 168
Dry weight, Mg ha'1 
Nutrients, kg ha'1
0 20 40 60 0 11.5 23.0 34.5
N (total) 0 103 206 309 0 97 194 291
P (available) 0 312 624 936 0 45 90 135
EC (available) 0 15 30 45 0 86 172 258
Ca (available) 0 1177 2354 3531 0 114 228 342
Mg (available) 0 59 118 177 0 54 108 162
Trace metals, kg ha'1 
(extractable)
As 0 0.56 1.12 1.68 0 0.06 0.12 0.18
Cd 0 0.07 0.14 0.21 0 0.006 0.012 0.01
O
Cr 0 2.55 5.10 7.65 0 0.44 0.88
o
1.32
Cu 0 5.63 11.26 16.89 0 0.32 0.64 0.96
Hg 0 0.04 0.08 0.12 0 0.001 0.002 0.00
*5
Mo 0 0.19 0.38 0.57 0 0.07 0.14
J
0.21
Ni 0 0.55 1.10 1.65 0 0.05 0.10 0.15
Pb 0 0.87 1.74 2.61 0 0.29 0.58 0.87
Se 0 0.66 1.32 1.98 0 0.06 0.12 0.18
Zn 0 12.99 25.98 38.97 0 1.90 3.80 5.70
Com (var. Halsey 2110) was planted on May 3, 1993 at a population o f 70,000 
plants/ha (28,000 plants/acre) in 78-cm (30-inch) rows using recommended rates of 
starter fertilizer. Herbicide treatment was 4.7 L/ha (2 qts/A) o f Bicep and 3 L/ha (1.25 
qts/A) o f Prowl applied as a broadcast pre-plant application.
Soil samples for the Pre-Sidedress Soil Nitrate Test (PSNT) were collected on a 
biweekly basis. Soil was sampled using a  standard soil probe to a 30-cm soil depth. Three 
or four soil cores from each plot were collected and mixed to serve as a representative
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sample for the plot. Samples were kept in an ice-packed cooler for transport to the 
laboratory, oven dried at 60°C, and screened through a 2 mm sieve prior to N 0 3-N 
analysis by using the Technicon Autoanalyzer (Analytical Procedures on page 74).
The experimental site was visited at regular intervals throughout the summer to 
assess crop response to treatments.
Harvest o f the com crop on September 23, 1993 consisted of cutting a specific 
number (representing one-thousandth acre) o f representative whole com plants from the 
center two rows o f each plot and weighing to determine silage yield on a fresh-weight 
basis. A three-plant sub-sample was chosen from the above plants, weighed, dried at 
80°C, and reweighed to determine percent moisture content and dry matter yield per 
hectare. When samples were to be subjected to chemical analysis, the sub-sample was 
ground in a Wiley mill to pass a 20-mesh (2 mm) screen.
1994
The experimental design was identical to that of 1993. Chemical analysis o f the 
Concord biosolids and dairy manure for 1994 is shown in Table 6. The high year-to-year 
variation in chemical composition of biosolids is evident between assays o f 1993 (Table 
4), 1994 (Table 6) and 1995 (Table 8).
Com was planted at a population of 65,000 plants/ha (26,000 plants/acre) on May 
4, 1994 using recommended rates of starter fertilizer and a similar herbicide treatment as 
used in 1993.
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Table 6. Chemical analysis o f lime-stabilized, aerobically-digested biosolids and dairy 
manure used at Site 1 in 1994a.
Parameters Concord biosolids Dairy manure
pH 10.5 8.3
Total solids, % 36.0 31.0
Nutrients, %
TKN 3.2 1.5
n h 4-n <0.01 0.18
n o 3-n 0.06 0.03
P (available) 0.19 0.04
K (available) 0.01 0.20
Ca (available) 3.62 0.54
Mg (available) 0.56 1.32












aAssay by the Scott Lawson Group, Ltd., Concord, NH; all values on dry weight basis; Metals assay via
EPA Protocol SW 846-3050B.
Concord biosolids and dairy manure were applied and incorporated into soil in 
May, 1994 using the identical protocol as described earlier for the 1993 activities. The 
loading rate for nutrients and metals for the two materials used in 1994 is shown 
in Table 7.
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Table 7. Nutrient and metal loading rate o f Concord biosolids and dairy manure at Site I 
in 1994.
Parameters_________________________________Loading rate______________
Concord biosolids Dairy manure
Wet weight, Mg ha" 0 35 70 105 0 67 134 201
Dry weight, Mg ha'1 
Nutrients, kg ha'1
0 12.5 25.0 37.5 0 20.8 41.6 62.4
N (total) 0 400 800 1200 0 312 624 936
P (available) 0 24 48 72 0 9 18 27
K (available) 0 0.2 0.4 0.6 0 43 86 129
Ca (available) 0 452 904 1356 0 112 224 336
Mg (available) 0 70 140 210 0 275 550 825
Trace metals. kg ha'1
(extractable)
As 0 0.03 0.06 0.09 0 0.00 0.00 0.01
Cd 0 0.07 0.14 0.21 0 0.04 0.08 0.12
Cr 0 0.28 0.56 0.84 0 0.08 0.16 0.24
Cu 0 3.62 7.24 10.86 0 0.07 0.14 0.21
Hg 0 0.01 0.02 0.03 0 0.00 0.00 0.01
Mo 0 1.50 3.00 4.50 0 1.87 3.74 5.61
Ni 0 0.43 0.86 1.29 0 0.07 0.14 0.21
Pb 0 0.97 1.94 2.91 0 0.41 0.82 1.23
Se 0 0.07 0.14 0.21 0 0.10 0.20 0.30
Zn 0 7.43 14.86 22.29 0 0.04 0.08 0.12
The protocol for the PSNT soil sampling in 1994 was identical to that used in 
1993 with the exception of differing sampling dates. Com was harvested on September 8, 
1994. The protocol for com harvest in 1994 was identical to that used in 1993. Soil core 
samples were taken from all plots to a 120 cm soil depth on October 10, 1994 using a 
Giddings tractor-mounted soil coring unit. Soil samples were then cut into four 
segments, oven dried at 60°C, weighed for dry matter and screened through a 2-mm sieve 
for chemical analysis.
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1995
The third year o f the experiment at Site I involved the identical experimental 
design as used in 1993 and 1994. Chemical analysis of the Concord biosolids and dairy 
manure used in 1995 is shown in Table 8.
Table 8. Chemical analysis of lime-stabilized, aerobically-digested biosolids, and dairy 
manure used at Site I in 1995\
Parameters Concord biosolids Dairy manure
pH 8.2 7.5
Total solids, % 41.7 12.1
Nutrients, %
TKN 2.60 3.40
P (available) 2.96 0.12
K (available) 0.13 0.71
Ca (available) 4.90 0.46
Mg (available) 0.26 0.83
Trace metals, mg kg'1 (extractable)
As 4.0 0.5









aAssay by theChem Serve Environ., Analysts, Milford, NH; all values on dry weight basis; Metals assay
via EPA Protocol SW 846-3050B.
Concord biosolids and dairy manure were applied and incorporated into soil on 
May 1, 1995. The spreading width was 7.5 m (25 ft) for biosolids, and 4.5 m (15 ft) for
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manure with materials applied to the center o f each plot. Nutrient and metal loading rate 
for the two materials used in 1995 is shown in Table 9.
Table 9. Nutrient and metal loading rate o f Concord biosolids and dairy manure at Site I
in 1995.__________________________________________________________________
Parameters_________________________________ Loading rate_______________________
Concord biosolids Dairy manure
Wet weight, Mg ha*1 0 5.6 16.4 32.5 0 23.5 47.0 94.0
Dry weight, Mg ha"1 0 2.2 6.3 12.6 0 1.5 3.0 6.0
Mutrients, kg ha'1
N (total) 0 57.2 160 320 0 97 194 388
P (available) 0 69 193 386 0 35 70 140
K (available) 0 3 8 16 0 20 40 80
Ca (available) 0 114 319 638 0 131 262 524
Mg (available) 0 6 17 34 0 24 48 96
Trace metals, kg ha 
(extractable)
As 0 0.01 0.03 0.06 0 0.13 0.26 0.52
Cd 0 0.02 0.05 0.10 0 0.00 0.01 0.01
Cr 0 0.09 0.25 0.50 0 0.01 0.02 0.04
Cu 0 0.05 0.14 0.28 0 0.06 0.12 0.24
Hg 0 0.01 0.03 0.06 0 0.00 0.00 0.00
Mo 0 0.02 0.05 0.10 0 0.02 0.04 0.08
Ni 0 0.04 0.11 0.22 0 0.00 0.00 0.00
Pb 0 0.11 0.31 0.62 0 0.01 0.02 0.04
Se 0 0.01 0.03 0.06 0 0.01 0.02 0.04
Zn 0 0.98 2.74 5.48 0 0.28 0.56 1.12
Com was planted at a population o f 65,000 plants/ha (26,000 plants/acre) on May 
2, 1995 using recommended rates of starter fertilizer and herbicide treatments. Com was 
harvested on September 13, 1995. The protocol for com harvest in 1995 was identical to 
those used in the previous two years.
The protocol for the PSNT soil sampling in 1995 was identical to that o f  1993 and 
1994 with the exception of differing sampling dates. Deep soil sampling (0-120 cm) was
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made on November 8, 1995 after harvest using the same sampling method which was 
used in 1994.
Systems to monitor N 0 3-N in soil pore water and groundwater were installed in 
June, 1995 (Figure 6). Collection of soil pore water N 0 3-N used porous, 
pressure/vacuum double-port lysimeters (Soil Moistre Equipment Corp., Santa Barbara, 
CA). Nine lysimeters were installed at 4 feet below the soil surface in three control plots, 
three “high rate” biosolids plots, and three “high rate” manure plots. The tillage, planting, 
and harvesting operations unique to com production and a multi-year study provided 
complications to lysimeter installation. The standard auger installation was replaced with 
an ordered excavation o f soil horizons to 90 cm (3 ft) depth, following by augering an 
additional 30 cm (1 ft) depth. Lysimeters were installed with sampling tubes constrained 
by a 1 m (3.3 ft) piece o f PVC pipe which protruded 10 cm (4 in) above the soil surface 
to avoid intrusion of soil and water. Soil horizons were then backfilled and compacted in 
the reverse order of their removal. Each fall prior to com  harvest, closure of these 
sampling sites involved the installation of metal plates above the lysimeters. The metal 
plates enabled location o f the lysimeters with a metal detector each spring following 
planting of the com crop. Water was collected at various intervals throughout the growing 
season, immediately refrigerated after collection, and analyzed for N 0 3-N within 24 
hours.
To gain information about fugitive N 03-N which moved beyond the root zone to 
groundwater, six small diameter wells (SDWs) were installed at Site I in June 1995. The 
SDWs used 2.1 cm outside diameter steel pipes (1.47 cm ED) that were vibrated into the 
ground with a vibratory hammer. The well screen was vertically slotted by laser (two
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rows o f 5.1 cm by 0.038 cm slots, each slot separated by a 1.5 cm gap where the solid 
pipe remained uncut) with a porosity o f 1%: total screen length was 2 m. A machined 
steel drive point was on the leading edge o f the SDW and held in place with a Buna-N O- 
ring. The SDWs were accessible at 120 cm (4 ft) below the soil surface which was 
neccessary to avoid disruption from deep tillage practices. This subsurface location of the 
top o f each SDW required the use o f metal plates, a metal detector, excavation each 
spring, and closure each fall as was done with each lysimeter. The overall depth o f each 
well was approximately 4 m (13 ft) with intrusion into the water table o f 1.5 m (5 ft).
Figure 6. Schematic monitoring systems for N 03-N in soil o f root zone, soil pore water 
below root zone and groundwater at Site I.
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Knowledge o f on-site weather conditions was obtained using a Field Monitor Unit 
(Sensor Instruments Co., Inc. 41 Terrill Park Drive, Concord, NH 03301). This 
monitoring unit was a battery-powered weather monitoring and logging device designed 
for field use, which provided weather data on air temperature, soil temperature and 
precipitation. Data was read from large LCD displays for each parameter with 
information downloaded to a laptop computer, and processed using the TOMCAST 
computer software.
1996-1997
For the final two years o f the experiment at Site I (1996 and 1997), residual 
effects of earlier applications o f amendments were evaluated. The experimental layout 
was maintained, but only a single application rate o f dairy manure (56 Mg ha'1, wet basis) 
was applied to all plots. The manure used in 1996 and 1997 was from the same source as 
that used in 1993, 1994, and 1995. Chemical characteristics o f dairy manure is given in 
Table 10; values are an average computed from materials used in 1993, 1994, and 1995.
Protocols for manure application, com planting, the PSNT, soil pore water 
sampling, groundwater sampling, and weather data collection were all identical to those 
used during 1993 to 95 at Site I with the exception o f different sampling dates.
Harvest of com crops was made on September 17, 1996 and September 9, 1997 
with the same procedure used in 1993,1994, and 1995.
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Table 10. Chemical characteristics o f dairy manure used at Site I in 1996 and 1997a.
Parameters Dairy manure
pH 7.85



















Values are average computed from 1993, 1994, and 1995; all values on dry weight basis.
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Site EE: Evaluation of Nitrogen, Corn Yield, and Trace Metals following Land- 
Applied Aerobically-Digested and Anaerobically-Digested Biosolids
This study was conducted on a Croghan loamy fine sand (Sandy, mixed, frigid, 
Aquic Haplorthod) o f a commercial dairy farm in Hanover, New Hampshire. The main 
purpose of this study was to determine if differences existed in the release o f  nitrogen and 
trace metals from pre-plant application of two types of biosolids and their effect on com 
yields. The nitogen release was determined using the PSNT protocol and measuring N 03- 
N in water collected in lysimeters throughout the growing season. Concentrations of trace 
metal in root zone soil were measured to determine their potential bioavailability and how 
their contribution related to loading rate of biosolids. Yields of silage com grown for 110 
days on plots receiving either aerobically-digested or anaerobically-digested biosolids 
were evaluated.
1993
The experiment was initiated on May 18, 1993 using a randomized complete 
block design (Figure 7) with three replications, two materials (aerobically-, and 
anaerobically-digested biosolids) as main plots, and four application rates (0, 56, 112, 
168 Mg ha'1, wet weight basis) as subplots.
Analysis of soil characteristics prior to imposition of treatments is shown in Table 
11. The methodologies for these analyses are given in the section on Analytical 
Procedures (p. 74).
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EXPERIMENTAL DESIGN: Experiment 1996-5 (HANOVER, NH)
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Figure 7. Experimental design o f  Site II: Effects of soil-incorporated lime-stabilized and 
anaerobically-digested biosolids on release o f nutrients and metals and com response. 
The experiment was conducted on a farm in Hanover, New Hampshire, from 1993 to 
1996.
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Aerobically-digested and lime-stabilized biosolids used in the experiment were 
obtained from the Concord, NH WWTF. Anaerobically-digested biosolids were obtained 
from the Hanover, NH WWTF. Chemical composition o f the two biosolids are listed in 
Table 12.













1 All values are expressed on dry weight basis. 
b All nutrients were extracted via Mehlich-3 extracting solution.
The two materials were broadcast applied at the respective rates shown in Table 
13 on May 18, 1993 and incorporated into the top 10-15 cm of the soil by discing. Data 
indicate that the Ca contribution from Concord biosolids is about three times higher than 
that from Hanover biosolids which reflects its lime-stabilization treatment. In contrast, 
the N load from Concord biosolids is lower than that from Hanover biosolids since the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
49
total nitrogen concentration in Concord biosolids is about one-tenth that of Hanover 
biosolids.
Table 12. Chemical analysis o f Concord aerobically-digested biosolids and Hanover
anaerobically-digested biosolids used at Site II in 1993a.
Parameters Concord biosolids Hanover biosolids
pH 10.4 7.4






P (available) 1.57 1.62
K (available) 0.08 0.23
Ca (available) 5.90 2.17
Mg (available) 0.30 NA












a Assay by Chem Serve Environ. Analysts, Milford, NH; All values on dry weight basis; 
bMetals assay via EPA Protocol SW 846-3050B. 
cNot available.
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Table 13. Nutrient and metal loading rate o f Concord biosolids and Hanover biosolids at 
Site II in 1993.
Parameters_________________________________ Loading rate
Concord biosolids Hanover biosolids
Wet weight, Mg ha'1 
Dry weight, Mg ha'1 
Nutrients, kg ha'1
0 53 106 0 21 42 63
0 19 38 0 4 8 12
N (total) 0 95 190 0 187 374 561
P (available) 0 297 594 0 61 122 183
K. (available) 0 11.4 22.8 0 8.6 17.2 25.8
Ca (available) 0 1128 2256 0 81.2 162.4 243.6
Mg (available)
Trace metals, kg ha'1 
(available)
0 56 112 0 NAa NA NA
As 0 0.530 1.060 0 0.002 0.004 0.006
Cd 0 0.057 0.114 0 0.019 0.038 0.057
Cr 0 2.407 4.814 0 0.550 1.100 1.650
Cu 0 5.362 10.724 0 6.776 13.552 20.32
8
0.072Hg 0 0.038 0.076 0 0.024 0.048
Mo 0 0.170 0.340 0 0.228 0.456 0.684
Ni 0 0.525 1.050 0 0.114 0.228 0.342
Pb 0 0.833 1.666 0 0.337 0.674 1.011
Se 0 0.625 1.250 0 0.003 0.006 0.009
Zn 0 12.350 24.700 0 6.686 13.373 20.05
______________________________________________________________________ 9
*Not available.
Com was planted on May 18, 1993 at a population of 65,000 plants/ha (26,000 
plants/acre) using a 0.75 m between-row spacing and recommended rates o f starter 
fertilizer. Herbicide treatments were 1.70 kg/ha (1.5 lbs/acre) Atrazine plus 3.25 liters/ha 
(2 pints /acre) Dual.
Soil samples for the Pre-Sidedress Soil Nitrate Test (PSNT) were collected 
periodically using a standard soil probe to a 30-cm soil depth. Four soil cores were 
collected from each plot and mixed to yield a representative sample for the plot. Samples
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were kept in an ice-packed cooler for transport to the laboratory to minimize N 
nitrification. Following oven drying at 60°C, samples were screened through a 2 mm 
sieve for N 0 3-N analysis.
The experiment site was visited periodically throughout the growing season to 
evaluate crop response to treatments. Harvest o f the com crop on September 30, 1993 
consisted o f cutting 26 plants (representing one-thousandth acre) of representative whole 
com plants from the center two rows o f each plot and weighing to determine silage yield 
on a fresh-weight basis. A three-plant sub-sample was chosen from the above plants, 
weighed, dried at 80°C, and reweighed to determine percent moisture content and dry 
matter. When samples were to be subjected to chemical analysis, the sub-sample was 
ground in a Wiley mill to pass a 20-mesh (2 mm) screen.
1994
The experimental design was identical to that used in 1993. Chemical analyses of 
the Concord biosolids and Hanover biosolids are shown in Table 14.
Biosolids were applied and incorporated into soil on May 19, 1994 using the 
identical approach as described earlier for 1993 activities. The nutrient loading rate for 
the two materials used in 1994 is shown in Table 15. Metal loading rate is not presented 
because no metal assays were conducted in 1994.
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Table 14. Chemical analysis o f  Concord aerobically-digested biosolids and Hanover
anaerobically-digested biosolids at Site II in 1994a.
Parameter Concord biosolids Hanover biosolids
pH 10.5 7.4
Total solids, % 36.0 17.0
Nutrients, %
TKN 3.2 5.4
n h 4-n 0.01 NAb
n o 3-n 0.06 NA
Organic-N NA 4.87
P (available) 0.19 1.70
K (available) <0.01 0.12
Ca (available) 3.62 2.00
Mg (available) 0.56 NA












‘Assay by the Scott Lawson Group, Ltd., Concord, NH; all values on dry weight basis; 
bNot available.
'Metals assay via EPA Protocol SW 846-3050B.
Table 15. Nutrient loading rate of Concord biosolids and Hanover biosolids at Site II in 
1994.
Parameters________________________________ Loading rate_______________
Concord biosolids Hanover biosolids
Wet weight, Mg ha’ 0 50 100 0 30 60 90
Dry weight, Mg ha'1 
Nutrients, kg ha'1
0 17.7 35.4 0 5.1 10.2 15.3
N 0 568 1136 0 273 546 819
P 0 34 68 0 86 172 258
BC 0 0.3 0.6 0 6.0 12.0 18.0
Ca 0 642 1284 0 101 202 303
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Com was planted at a population o f 75,000 plants/ha (26,000 plants/acre) on May 
19, 1994 using recommended rates o f starter fertilizer and herbicide treatments as 
aforementioned for 1993. The protocol o f PSNT soil sampling in 1994 was identical to 
that o f 1993 with the exception o f differing sampling dates. Com was harvested on 
September 29, 1994. The method o f com harvest in 1994 was identical to that used in
1993.
1995
The experimental design at Site II for 1995 was identical to that o f 1993 and
1994. Chemical analyses o f the Concord biosolids and Hanover biosolids are shown in 
Table 16.
Com was planted at a population o f 75,000 plants/ha (26,000 plants/acre) on May 
18, 1995 using recommended rates of starter fertilizer and herbicide treatments. The 
method for the PSNT soil sampling in 1995 was identical to that used in 1993 and 1994 
with the exception of differing sampling dates. Soil pore water N 0 3-N was monitored 
using porous, pressure/vacuum double-port lysimeters (Soil Moisture Equipment Corp., 
Santa Barbara, CA). Nine lysimeters were installed 60 cm (2 ft) below the soil surface as 
follows: Three in the control plots, two in “low rate” Concord biosolids plots, one in a 
“intermediate rate” Concord biosolids plot, two in “low rate” Hanover biosolids plots, 
and one in a “high rate” Hanover biosolids plot. Water was collected at various intervals 
throughout the growing season, immediately refrigerated after collection to minimize N 
transformations, and analyzed for N 0 3-N within 24 hours.
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On-site weather data was obtained using a Field Monitor (Sensor Instruments Co., 
Inc. 41 Terrill Park Drive, Concord, NH 03301) similar to that used at Site I and provided 
air temperature, soil temperature and precipitation data on an hourly basis. Information 
was downloaded using a laptop computer, and processed using the TOMCAST computer 
software (Sensor Instruments Co., Inc. 41 Terrill Park Drive, Concord, NH 03301).
Com was harvested on October 10, 1995. The method of the com harvest in 1995 
was identical to that used in the previous years.
Table 16. Chemical analysis of Concord aerobically-digested biosolids and Hanover
anaerobically-digested biosolids used at Site II in 1995a.
Parameter Concord biosolids Hanover biosolids
pH 8.2 7.4
Total solids, % 38.8 24.0
Nutrients, %
TKN 2.60 5.20
P (available) 2.96 1.96
fC (available) 0.13 0.20
Ca (available) 4.90 1.70
Mg (available) 0.26 0.48












“Assay by the Chem Serve Environmental Analysts, Milford, NH; all values on dry weight basis; 
’’Metals assay via EPA Protocol SW 846-3050B. 
cNot available.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
The two biosolids were broadcast applied and incorporated into the top 10-15 cm 
soil on May 17, 1995. Nutrient and metal loading rate for the two materials used in 1995 
is shown in Table 17.
Table 17. Nutrient and metal loading rate o f Concord aerobically-digested and Hanover
anaerobically-digested biosolids at Site II in 1995._______________________________
Parameter_________________________________ Loading rate_______________________
Concord biosolids Hanover biosolids
Wet weight, Mg ha’1 0 27 54 0 28 56 84
Dry weight, Mg ha'1 0 10.5 21.0 0 6.7 13.4 21.1
Nutrients, kg ha'1 
TKN 0 436 872 0 349 698 1047
P (available) 0 336 672 0 132 264 396
K (available) 0 27 54 0 13 26 39
Ca (available) 0 1855 3710 0 114 228 342
Mg (available) 0 89 178 0 32 64 96
Trace metals, kg ha'1 
(available)
Cd 0 0.02 0.04 0 0.02 0.04 0.06
Cr 0 2.70 5.40 0 0.11 0.22 0.33
Cu 0 3.76 7.53 0 1.53 3.06 4.59
Ni 0 0.62 1.24 0 0.08 0.16 0.24
Pb 0 1.34 2.68 0 0.16 0.32 0.48
Zn 0 10.93 21.86 0 5.31 10.62 15.93
1996
In 1996, only Hanover biosolids were available for experimental evaluation at Site 
H. Plot areas which received Concord biosolids in 1994 and 1995 remained untreated. 
The chemical composition of Hanover biosolids used in 1996 is shown in Table 18.
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Table 18. Chemical characteristics o f Hanover biosolids used at Site II in 1996a.
Parameters Hanover biosolids
pH 7.85




















aAssay by Maine Environmental Laboratory, Yarmouth, ME; all values on dry weight basis; Metals assay
via EPA Protocol SW 846-3050B.
Hanover biosolids were broadcast applied and disced into the top 10-15 cm of soil 
on May 24, 1996. The nutrient and metal loading rates for the biosolids at Site II in 1996 
are given in Table 19.
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Table 19. Nutrient and metal loading rate o f Hanover anaerobically-digested biosolids at 
Site II in 1996.
Parameters_________________________________ Loading rate
Hanover biosolids
Wet weight, Mg ha' 0 24.1 51.5 103.0
Dry weight, Mg ha'1 0 3.6 7.6 15.2
Nutrients, kg h a 1
N (total) 0 241 510 1020
P (available) 0 66 138 276
K (available) 0 6 13 26
Ca (available) 0 72 152 304
Mg (available) 0 176 372 745
Trace metals, kg ha'1
(extractable)
As 0 0.04 0.08 0.16
Cd 0 0.01 0.02 0.04
Cr 0 0.05 0.11 0.22
Hg 0 0.02 0.04 0.08
Cu 0 4.03 8.51 17.02
Mo 0 0.02 0.04 0.08
Ni 0 0.05 0.11 0.22
Pb 0 0.15 0.31 0.62
Se 0 0.00 0.01 0.02
Zn 0 5.62 11.86 23.72
Procedures for com planting, PSNT sampling, soil pore water collections, and 
monitoring o f weather data were identical to those used in 1994 and 1995 at Site II with 
the exception of differing sampling dates. Harvest o f  the com crop was made on October 
1 ,1996 using the identical protocol of previous years.
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Site III: Yield Response of Corn to Land-Applied 
Hanover and Suncook Biosolids
This study was initiated in 1997 on the same farm as used for Site H. A principal 
goal of the work was to determine the yield response of com to preplant, soil- 
incorporated applications o f four rates o f biosolids from two wastewater treatment 
facilities (WWTF).
The experimental design was a randomized complete block design with type of 
biosolids as main plots, application rates as subplots with four replications. Aerobic, 
lime-stabilized biosolids were provided by the WWTF in Suncook, NH while 
anaerobically-digested biosolids were obtained at the Hanover, NH WWTF. The four 
application rates were designed to provide available N at rates o f 0, 84, 112, and 168 
kg/ha (0, 75, 100, and 150 lbs/acre). These rates o f available N used an anticipated 
nitrogen mineralization rate (NMR) of 50 percent for the Suncook biosolids and 30 
percent NMR for the Hanover biosolids. Main plot dimensions were 22 x 6 m  (72 * 20 
ft) while subplot dimensions were 55 * 6 m (18 x 20 ft). The soil at Site HI was an 
Occum fine sandy loam (Coarse loamy, mixed, mesic, Fluventic Dystrochrept). 
Chemical characteristics o f the soil prior to initiation of the experiment are given in 
Table 20.
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P, mg kg'1 (available) 88
K, mg kg'1 (available) 139
C a,m gkg '1 (available) 1040
Mg, mg kg'1 (available)_______________________________________ 54______________
‘Nutrients were extracted via MehIich-3 extraction solution, and are expressed on dry weight basis.
Field management at Site EH was similar to that practiced at Site H. Soil samples 
were taken from all plots to a depth o f 20 cm (8 in) prior to application of biosolids, 
dried, screened to pass a 2-mm sieve, and analyzed at the UNH Analytical Services 
Laboratory via Mehlich EH Extraction. Eighteen double-port suction lysimeters were 
installed in selected plots (3 reps x 2 materials * 3 rates) to permit long-term monitoring 
of nutrients in soil pore water o f sub-surface.
Biosolids applications were preceded by a fertilization program involving 
broadcast preplant applications o f 224 kg/ha (200 lbs/acre) o f  0-0-60 and 22.4 kg/ha (20 
lbs/acre) 46-0-0 with 224 kg/ha (200 lbs/acre) o f 0-5-40 used as starter. Biosolids were 
applied to the respective plot areas on May 22, 1997. The lime-stabilized biosolids from 
Suncook WWTF supplied 4.50 kg available N/wet Mg (8.98 lbs available N/wet ton) 
while the anaerobically digested biosolids from Hanover supplied 3.93 kg available 
N/wet Mg (7.86 lbs available N/wet ton). Nutrients and metal loading rates from the two 
biosolids in 1997 are shown in Table 21.
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The com (cv. Pioneer 3523) was planted at a population o f 81,481 seeds/ha 
(33,000 seeds/acre) on May 23, 1997 using a 75 cm (30-in) between-row spacing. The 
post-emergence herbicide application was 2.76 1/ha (2 pints/acre) o f  Bicep Lite and 2.76 
1/ha (2 pints/acre) o f Broadstrike Dual on May 31. The fall harvest o f  the com for silage 
yield was made on September 30, 1997 using a protocol similar to that employed at Site 
EL Grain (kernel) yield was also measured by removing kernels from cobs of the three 
ears o f each dried subsample, and expressing these data as Mg/ha o f grain yield.
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Table 21. Nutrient and metal loading rate of Hanover biosolids and Suncook biosolids at
Site HI in 1997.___________________________________________________________
Parameters________________________________ Loading rate_______________________
Hanover biosolids Suncook biosolids
Dry weight, Mg ha' 1 
Nutrients, kg ha'1
0 3.1 4.1 6 . 2 0 3.4 4.6 6 .!
N (total) 0 224 299 448 0 149 199 298
P (available) 0 52 69 104 0 23 30 45
K (available)
Trace metals, kg ha'1 
(extractable)
0 4.6 6 . 2 9.3 0 5.5 7.8 1 1 .:
As 0 0.004 0.006 0.008 0 0.005 0.007 0 . 0 1
1
0 . 0 2
4
Cd 0 0.014 0.018 0.027 0 0 . 0 1 2 0.016




Cu 0 3.377 4.503 6.754 0 1.512 2.016
Hg 0 0 . 0 1 2 0.015 0.023 0 0.003 0.004 0 . 0 0
£
Mo 0 0.073 0.097 0.146 0 0.006 0.008
o
0 . 0 1
Ni 0 0.056 0.074 0 . 1 1 1 0 0.068 0.091
Z
0.13




0 . 0 1 
(L
Se 0 0.003 0.004 0.006 0 0.008 0 . 0 1 1
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B. Greenhouse Investigations 
Experiment 1: Nitrogen Release from Soil-Incorporated 
Organic Wastes
The purpose of this greenhouse experiment was to determine the effects o f  soil 
temperature on nitrogen release from organic wastes and measure its uptake by com. 
Information derived from this study was designed to aid in the development o f improved 
nutrient management programs in cropping systems.
The experiment was initiated in January, 1995 at the Research Greenhouses o f the 
University o f New Hampshire (UNH) using a large 1.2 * 5.6 m (4 * 18 ft) water bath 
(Figure 8 ). Temperature controlled circulators and pump assemblies (Neslab Model CFT) 
permitted water temperatures of the bath to be adjusted between 10-35°C. The 
experimental design was a randomized complete block design with three replications, 
three soil temperatures (15°C, 22°C, and 30°C) as main plots, three materials as sub-plots, 
and four rates as sub-sub-plots.
The soil used in this study was an Ondawa fine sandy loam (coarse loamy, mixed, 
frigid, Fluventic Dystrochrept) collected on October 20, 1994 from a dairy farm in 
Boscawan, NH. The soil was screened through a 0.64 cm mesh screen to eliminate rocks 
and debris, and analyzed for chemical and physical properties (Table 22).
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Figure 8. Large scale water bath used in Greenhouse Experiment 1.
Table 22. Chemical and physical characteristics o f soil, obtained at Site I, prior to
addition o f organic wastes1.
Parameters Values Parameters Values
pH 7.2 Metalsc, ugkg'1 (extractable)
SOM, % 3.5 Cd 0 . 1
CEC, meqlOOg" 1 13.1 Cr 6.5
TKN, % 0 . 1 2 Cu 1 0 . 0
Nutrientsb, ugkg'1 Ni 7.2
P (available) 382 Pb 1 0 . 0







“All values are expressed on dry weight basis.
bAll nutrients were extracted via Mehlich-3 extracting solution.
CA11 metals were extracted with 8N nitric acid.
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The three organic wastes used in this greenhouse study were dairy manure, 
biosolids, and compost. Manure was obtained from stock at the dairy facility in 
Boscawan, NH, biosolids were provided by the Concord, NH WWTF and compost was 
collected from the UNH Compost Technology Center (CTC) at Kingman Research Farm 
in Madbury, NH. Chemical analysis o f  the three materials is shown in Table 23.
Table 23. Chemical analysis o f dairy manure, Concord biosolids, and CTC compost used
in Greenhouse Experiment I in Spring, 1995a.
Parameters Dairy manure Concord biosolids CTC compost
Total solids, % 23.1 39.1 42.2
Nutrients, %
TKN 1.93 3.96 1.53
Organic-N 1.15 3.86 1.53
n h 4+-n 0.78 0.06 0 . 0 0
P (available) 0.27 1.47 0.65
K (available) 1.17 0.16 0.55
Ca (available) 0.43 7.07 2.36
Mg (available) 0.24 0.36 0.55
Trace metals3, mg kg'1
(extractable)
Cu 21.65 281.33 355.45
Zn 64.94 460.36 189.57
Fe 692.64 51496.16 12061.61
Mn 86.58 294.12 367.30
B 21.65 63.94 35.55
aAssay by the UVM Agricultural and Environmental Testing Lab, Hills Building, Burlington, VT; all 
values on dry weight basis;
Metals were acid extractable.
The protocol involved the use o f screened moist soil (12.77% moisture) to avoid 
disruption of microbial populations. Each glazed crock was lined with plastic and
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received 4511 grams o f moist soil, thereby yielding 4000 grams o f dry soil. The 
quantities o f soil and amendment at respective rates for each mixture are shown in Table 
22. The 108 pots (3 reps * 3 temps * 3 materials * 4 rates) were placed in the appropriate 
compartments o f the temperature-controlled water bath. Six or seven com seeds (cv 
AG262) were planted to a soil depth of 3 cm, and eventually thinned to four seedlings 
each pot. Plants were watered with distilled water as needed throughout the experiment 
to maintain soil moisture at approximately 70 percent field capacity. Nutrients and metal 
loading rates o f the three waste materials at the respective rates are given in Table 24.
Soil samples from all 108 treatment units were collected on February 12, and 
March 8 , 1995. Samples were oven-dried at 60°C, screened through a 2-mm sieve, and 
analyzed for N 0 3-N (Analytical Procedures on p. 74). Com was harvested on March 8 , 
1995 by cutting plants (four plants per pot) at the soil line. Plant tissue was dried, 
weighed, and ground through a 2 0 -mesh screen for nutrient composition.
To further exploit residual nutrients, a second planting of com was made in the 
same pots on March 26, 1995 following dumping and screening of soil for root removal. 
The method for planting, soil sampling and harvest was identical to that o f the first crop 
except that root yields o f the second com crop were determined. The roots were cleaned 
by sequential rinsing water, dried at 60°C, and weighed for evaluation of root 
development.
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Table 24. Nutrient and metal loading rate o f dairy manure, Concord biosolids, and CTC
Parameter Loading rate
Wet weight, g pot* 1 




0 46.2 92.4 138.6
Nutrients, g p o t 1 
N (total) 0 0.89 1.78 2 . 6 8
P (available) 0 0.13 0.26 0.39
EC (available) 0 0.54 1.08 1.62
Ca (available) 0 0 . 2 0 0.40 0.60
Mg (available) 0 0 . 1 1 0 . 2 2 0.33
Trace metals, g  p o t 1 
(extractable)
Cu 0 0 . 0 0 1 0 . 0 0 2 0.003
Zn 0 0.003 0.006 0.009
Fe 0 0.032 0.064 0.096
Mn 0 0.004 0.008 0 . 0 1 2
B 0 0 . 0 0 1 0 . 0 0 2 0.003
Wet weight, g pot’ 1 0
Concord biosolids 
80 160 240
Dry weight, g pot* 1 0 31 62 93
Nutrients, g  p o t 1 
N (total) 0 1.24 2.48 3.72
P (available) 0 0.46 0.92 1.18
EC (available) 0 0.05 0 . 1 0 0.15
Ca (available) 0 2 . 2 1 4.42 6.63
Mg (available) 0 0 . 1 1 0 . 2 2 0.33
Trace metals, g  p o t 1 
(extractable)
Cu 0 0.009 0.018 0.027
Zn 0 0.014 0.028 0.042
Fe 0 1.611 3.222 4.833
Mn 0 0.009 0.018 0.027
B 0 0 . 0 0 2 0.004 0.006
(Continued on next page)
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Table 24. (continuation)
Parameter__________________________________ Loading rate
Wet weight, g pot ' 1 
Dry weight, g pot ' 1
CTC compost
0 1 2 2 244 366
0 51 1 0 2
Nutrients, g  p o t 1
N (total) 0 0.79 1.18 1.97
P (available) 0 0.33 0 . 6 6 0.99
EC (available) 0 0.28 0.56 0.84
Ca (available) 0 1 . 2 1 2.42 3.63
Mg (available) 0 0.28 0.56 0.84
Trace metals, g  p o t 1
(extractable)
Cu 0 0.018 0.036 0.054
Zn 0 0 . 0 1 0 0 . 0 2 0 0.030
Fe 0 0.621 1.242 1.863
Mn 0 0.019 0.038 0.057
B 0 0 . 0 0 2 0.004 0.006
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Experiment 2: Effects of Soil pH on Trace Metal Uptake by Vegetables 
Grown in Biosolids-Amended Soil
The principal objective o f this greenhouse experiment was to determine trace 
metal uptake by three vegetables (green bean, lettuce, radish) grown in biosolids- 
amended soil across a pH gradient. Concentrations o f these metals in edible portions o f 
the three vegetables were then compared with the typical range commonly found in 
vegetables grown in non-biosolids-amended soils. Soil temperature were included as a 
variable because of its relevance to soil reactions in northern areas.
The experiment was initiated in January, 1996 in the UNH Research Greenhouses. 
The experimental design was a randomized complete block design with three replications, 
three temperatures (15°C, 22°C, and 30°C) as main plots, four soil pHs as sub-plots, and 
three vegetables as sub-sub-plots. Differences in soil temperatures were achieved by 
using three NESLAB Model CFT Temperature Controlled Circulators and Pump 
Assemblies connected to the large adjustable temperature water bath as shown in 
Figure 8 .
The soil used in this study was an Ondawa fine sandy loam (coarse loamy, mixed, 
frigid, Fluventic Dystrochrept) obtained from the plots which had previously received 
biosolids (60, 37.5, and 12.6 Mg/ha DW basis in 1993, 1994, and 1995, respectively) at 
the dairy farm in Boscawan, NH. For the greenhouse experiment, the soil was screened 
through a 0.64 cm mesh sieve to eliminate rocks and debris, and analyzed for chemical 
and physical properties (Table 25).
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Table 25. Chemical and physical characteristics o f soil collected from the dairy farm in
Boscawen, NH and used in Greenhouse Experiment 2 in Spring, 1996a.
Parameter Values Parameter Values
pH 7.3 Metals13, ugkg'1
(extractable)
TKN, % 0.19 Zn 14.0
N 0 3 -N, ppm 115.5 Cu 0.7
NH4 -N, ppm 2.5 Fe 3.8
Nutrients, ug kg'1 B 0.5








*Assay by UVM Agricultural and Environmental Testing Laboratory, Hills Building, UVM, Burlington, 
VT; All values are expressed on dry weight basis; 
bMetals were acid extractable
Individual treatments used moist soil (4500 g, which was equivalent to 4000 g dry 
soil at a soil moisture content of 12.5% on dry weight basis) that was screened to pass a 
l-cm sieve. Soil was mixed with AhCSO^TbH^O at the rate of 0, 0.75, 1.5, and 3.0g 
/I00g dry soil to achieve the desired target pH o f 7.4, 6.4, 5.3 and 4.1, respectively. The 
mixture was then put into a waterproof pot, planted to com and moved into the 
appropriate compartment of the water bath.
Thirty-six pots (4 pH levels * 3 reps * 3 temperatures) of each o f these crops were 
planted on February 9, 1996. Six green bean seeds (c.v. “Provider”, Johnny’s Selected 
Seeds, Foss Hill Rd, Albion, ME 04910) were planted to a depth o f 2-2.5 cm in each pot 
and thinned to four plants per pot after germination. Ten radish seeds (c.v. “Champion”,
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Agway Inc., PO Box 4741, Syracuse NY 13221) were planted to a depth o f 0.5 cm, and 
thinned to six plants per pot after germination. For lettuce, four plants (c.v. “Waldmanns 
Dark Green L eaf’, Johnny’s Selected Seeds, Foss Hill Rd, Albion, ME 04910) were 
transplanted into each pot. All plants were watered with distilled water to maintain soil 
moisture at approximately 70 percent of field capacity throughout the experiment.
Harvests o f  radish, lettuce, and bean were made on March 29, April 5, and April 
12, 1996, respectively. Whole radish plants were moved from pots and washed in 
distilled water. Radish leaves and roots were separated, oven-dried, weighed and ground 
through a 20-mesh screen for analysis. Lettuce plants were cut at the soil line, rinsed in 
distilled water, dried, weighed and ground for analysis. Beans were picked on April 12 
and 23, 1996, and the non-edible portion of the plants were collected on April 25, 1996. 
Following drying, weighing and grinding, the edible portion o f radish, lettuce, and bean 
plants were analyzed for Zn and Cu tissue concentration (Analytical Procedure on p. 74).
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C. Laboratory Incubation
The purpose of this laboratory incubation study was to complement the 
greenhouse investigation and determine if selected soil properties significantly affected 
nitrogen mineralization from organic wastes. The study was initiated in January, 1997 and 
all incubations were conducted for 16 weeks at 34°C in incubation chambers in Rudman 
Hall at UNH.
The experimental design was a completely randomized design with five 
replications, eight soils, three treatments ( 2  organic wastes plus control), and six sampling 
dates to yield 720 samples. A “recipe” for the experimental treatments is included in 
Appendix Table 1.
The eight soil samples used in this study were collected in late fall of 1996 
throughout NH and stored in a cold room at 4°C until use. Classifications for the selected 
soils are included in Appendix Table 2. Soils were assayed prior to treatment and results 
are given in Table 26. Particle size analysis o f the soils is shown in Appendix Table 3.
The two organic waste materials used in this incubation study were biosolids and 
compost. The biosolids were obtained from the Concord, NH WWTF and the biosolids- 
compost, hereafter referred to as OMI compost based on the management company who 
oversees the facility, was collected from the Dover, NH WWFT. Chemical analyses o f 
the materials are shown in Table 27.
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Table 26. Chemical characteristics prior to treatment of the eight soils collected from
throughout New Hampshire and used in the Laboratory Incubation Study in Spring, 
1997a.
Soil pH OM, % CECc P , ug kg' 1 K, ug kg ' 1 Ca, ug kg ' 1 Mg,
ugkg ' 1
Agawam 7.0 4.83 12.4 181 194 1936 272
Chatfield 6 . 0 5.43 1 1 . 0 165 50 1258 72
Hadley 6 . 0 4.00 12.5 236 84 1578 172
Marlow 7.2 7.49 14.5 143 248 2252 312
Occum 6 . 2 4.39 10.4 204 150 1184 130
Ondawa 7.3 3.59 18.1 377 132 3308 148
Scantic 5.1 4.69 14.1 2 1 1 438 1186 246
Windsor 6.5 4.67 1 1 . 6 459 438 1330 216
aAll values are expressed on dry weight basis.
bAll nutrients were extracted via Mehlich-3 extracting solution.
c CEC: meq lOOg'1.
Table 27. Chemical analysis o f Concord biosolids and OMI biosolids-compost used in
the Laboratory Incubation Study in Spring, 1997a.
Parameter Concord biosolids OMI compost
Total solids, % 29.8 33.9
Carbon profile3, %
Lignin 8 . 1 33.8





n h 4-n 0 . 1 1 0 0 . 0 0 1
n o 3-n 0.003 0.044
P (available) 1.45 0.92
K (available) 0 . 1 2 1.24
Ca (available) 10.39 6.08
Mg (available) 0.74 0 . 1 0
Trace metalsc, mg kg'1
(extractable)




B 396 8 6 8
aAll values are expressed on dry weight basis;
bAssay of C-profile by Notheast DHIA Forage Lab; the other tests by UVM Agricultural and 
Environmental Testing Lab, Hills Building, Burlington, VT;
‘Metals were acid extractable.
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Samples of moist soil (equivalent to 100 g dry soil) were mixed with wet 
biosolids (equivalent to 1 0  g dry matter) or wet compost (equivalent to 1 0  g dry matter) 
in 14 x 16 cm sandwich bags. Bags were loosely closed to allow air exchange and 
minim ize  water evaporation. During the 16-week incubation, moisture o f the incubated 
materials was maintained at 75% o f their soil water-holding capacity (WHC). Samples of 
soil were collected 1, 3, 5, 8 , 11, and 16 weeks after the start of the incubation; an entire 
bag was removed at each sampling period. The soil sample was oven-dried at 60°C, and 
analyzed for N 0 3-N and NH4-N (Analytical Procedure on p. 74).
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D. Analytical Procedures 
Soil
Soils collected from various field plots were air-dried at 60°C and screened 
through a 2 mm aluminum sieve prior to analysis. Soil pH was measured using a 1:1 soil- 
water ratio and a Coming Model 250 pH meter (Coming Inc., Com ing, NY). Buffer pH 
(SMP) was then measured by adding an additional 10 mis of SMP buffer solution to the 
above soil pH samples (Northeast Regional Publication No. 493, 2nd Edition, 1995). The 
SMP samples were then shaken for 10 minutes, allowed to stand for 20 minutes and 
analyzed with the pH meter.
Total soil nitrogen (TKN) was measured using a modified Kjeldahl method 
(AOAC 976.06, 1990); 1.5 grams of dried, sieved soil was measured into a 250 ml 
digestion tube and 15 mis o f sulfuric acid and 7 grams K2 S 0 4 CuS0 4  catalyst were 
added. The mixture was then digested on a block digester for 1.5 hours at 425°C. The 
samples were removed, cooled, and diluted to 250 mis with distilled water. An aliquot of 
the digested sample was then poured into a sample vial and analyzed using a Technicon 
Autoanalyzer/Colorimeter (Technicon Instruments Corp., Tarrytown, NY).
Soil N 0 3-N was determined using the pre-sidedress nitrogen test (PSNT) which 
was developed by Magdoff et al. (1984). Soil samples from a 30 cm core depth were air- 
dried and screened immediately after sampling to minimize changes in N 0 3-N 
concentration due to nitrification. Twenty mis o f a 0.01 M CaCl2  solution were then 
added to a 2-g dry sample and the mixture shaken for 15 minutes. The extract was then
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filtered and its nitrate-N concentration measured using a Technicon 
Autoanalyzer/Colorimeter (Technicon Instruments Corp., Tarrytown, NY).
Assays o f N 0 3-N and NH4-N were conducted on samples during the laboratory 
incubation study using the “modified” PSNT (Magdoff et al., 1984). Ten grams o f oven- 
dried (60°C) samples were placed into a 200 ml Erlenmeyer flask followed by the 
additions o f 1 cc charcoal and 1 0 0  ml o f a 0.01 M CaCl2  solution. The flask was then 
shaken at 160 oscillations/min for 15 minutes using a GCA Corporation Shaking Water 
Bath (Precision Scientific Group, 3737 West Cortland Street, Chicago, Illinois 60647), 
the mixture filtered through #42 filter paper, and the filtrate analyzed using the 
aforementioned Autoanalyzer. For NH4-N analysis, the identical procedure as for N 0 3-N 
was used with the exception that 50 ml of a weak acetic acid solution (acid:water = 
1 :1 0 0 0 ) was added to 1 0  g soil sample.
Nitrate-N was analyzed using 2.5 cm3 o f soil measured into a 50 ml Erlenmeter 
flask followed by the addition o f 25 ml of Spurway extractant (Northeast Regional 
Publication No. 493, 1995). The mixture was shaken for 15 minutes, filtered and pipetted 
into a spectrometer tube. Two mis of concentrated sulfuric acid, 0.5 ml 2.5% brucine 
sulfate solution (2.5 g brucine or brucine sulfatein + 100 ml glacial acetic acid), and 2 mis 
distilled water were added and the mixture was analyzed at 470 nm using the Mioton Roy 
Spectronic 20D spectrometer. Ammonia in the 15-cm core samples was measured with 
the same extraction procedure as was used with the nitrate samples. The colorimetric 
assay with the Milton Roy Spectronic 20D involved addition of 2 mis phenol- 
nitroprusside-tartrate (5 g phenol, 7.5 g sodium tartrate and 0.025 g sodium nitroprusside 
in 500 mis distilled water) and 2 mis alkaline hypochlorite reagent (5 g sodium
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hydroxide, 500 mis distilled water and 4.2 mis Clorox bleach) to the filtered extract. After 
30 minutes the samples were analyzed at 660 mn using the spectrometer (Milton Roy 
Spectronic 20D). Organic N was calculated by subtraction of inorganic N from total N.
Available P in the soil was analyzed using the Mehlich 3 extraction procedure 
(Northeast Regional Publication No. 493, 1995), with solution absorbance determined 
with the light spectrometer set at a wavelength of 660 nm. Available K, Ca, and Mg were 
measured using 25 ml of Mehlich 3 extractant solution (Northeast Regional Publication 
No. 493, 1995) being added to 2.5 cm3  o f sieved soil. The mixture was then shaken for 15 
minutes, filtered and analyzed using a Smith-Hieftje 12 atomic absorption spectrometer 
(Themo Jarrell Ash, Franklin, MA).
Acid extractable levels o f Cd, Cr, Cu, Pb, Ni, and Zn were determined by 
digesting a 5 gram soil sample in 10 mis o f a 8  N nitric acid (H N 03). The mixture was 
placed overnight in a warm water bath, cooled and 5 mis of 0.1 N H N 0 3  were added. The 
sample was then brought up to a 50 ml volume with distilled water and mixed. The 
mixture was then filtered and analyzed via atomic absorption as described earlier. 
Chromium was analyzed using a nitrous-oxide flame; all other metals were analyzed 
using an oxyacetylene flame (EPA Protocol SW 846-3050B).
Soil organic matter was measured by loss on ignition (LOI) adapted from Stover, 
1984 (Northeast Regional Publication No. 493, 1995). Soils were initially dried at 105°C 
and then 2.5-10 g soil were weighed into a tared crucible. The weighed soil was then 
heated for 2 hr at 360°C, cooled, and reweighed. Percent organic matter was determined 
on a dry weight basis.
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Soluble salts were determined by adding 50 g o f soil and 100 mis o f water to a 
500 ml Erlenmeyer flask, shaking for 30 minutes, and filtering through SA720-F filter 
paper (Schleicher and Schuell, Keene, NH) to yield a clear extract. Soluble salts in this 
extract were measured using a digital conductivity meter (Model 126, Orion Research 
Incorporated Laboratory Products Group, 529 Main Street, Boston, MA 02129) and 
recorded as mmhos/cm.
Cation exchange capacity (CEC) was calculated using a summation procedure. 
The buffer pH and calibration data from local soils were used to determine the lime 
requirement to raise the soil pH one unit and denoted as Lime in tons per acre. This value 
and the extractable soil concentrations o f Ca, K, and Mg were used to estimate the soil’s 
CEC.
[Lime]/1000 + [Ca]/400 + [K]/780 + [Mg]/240 = CEC
Soil mechanical analyses were performed using the Bouyoucous method (Gee and 
Bauder, 1979) modified according to Sur and Kukal, 1992. Water holding capacity 
(WHC) of field soils was determined by loading a 7 cm diameter funnel with field moist 
soil, saturating the soil with distilled water and analyzing the soil gravimetrically, 
weighing the soil at its field capacity, drying and reweighing the soil. The WHC was 
calculated according to the following Equation:
%WHC = (Wi - W 2 ) / W i 
where W! is weight o f wet soil at its field capacity; W2  is weight o f dry soil.
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Field soil bulk density was determined by cutting the four-foot soil column 
collected by use o f  the Giddings Soil Coring Unit (Model GS-T-S Hydraulic Soil 
Sampling Machine. Giddings Machine Co., Inc. Fort Collins, CO) into four segments, 
drying and weighing each segment, and measuring the volume of each soil segment. The 
following equation was used to compute bulk density (BD):
Bulk Density (g/cm3) = Soil dry weight (g)/Segment volume (cm3)
Water
Nitrate-N concentrations o f water samples collected via lysimeter and SDWs were 
measured directly using a Technicon Autoanalyzer (Technicon Instruments Corp., 
Tarrytown, NY) within 24 hours after sampling. Groundwater samples were put in a 
refrigerator and stored overnight to precipitate “unclear” matter before instrumental 
analysis.
Plant
All plant samples were over dried at 80°C and ground in a Wiley Mill to pass 
through a 20-mesh screen. For plant tissue N analysis, 1.5 g of sample was placed into a 
test tube followed by the addition o f 5 mis catalyst (K2 S0 4 -CuS0 4) and 15 mis sulfuric 
acid. The mixture was placed on a block digester for 1.5 hours and then cooled and
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diluted to 250 mis. Nitrogen concentration was analyzed using the Autoanalyzer as 
previously described.
For plant tissue Zn and Cu analyses, 0.5 g samples were placed in a muffle 
furnace at 150°C and the temperature was increased by 100°C every 15 minutes until 
550°C was reached. Samples were ashed at 550°C for 2 hours; 0.5 mis water and 3 mis 
o f 0.1 N nitric acid were added and the samples were evaporated to dryness on a hotplate 
at 100-200°C. The samples were then returned to the muffle furnace for 1 hour at 500°C. 
The residue was dissolved in 5 mis o f 0.1 N hydrochloric acid (HC1) and brought to a 
volume of 25 ml with 0.04 N HC1. Digested plant material was analyzed for Zn, and Cu 
using atomic absorption spectrometry as described early.
Statistics
MSTAT version C (Michigan State University) was used to perform ANOVA 
and Duncan’s Multiple Range Test (DMRT) for all field experiments and greenhouse 
studies. SYSTAT version 5.03 for windows (SYSTAT, Inc., 1800 Sherman Ave., 
Evanston, EL 60201) was used to perform stepwise regression analysis on data from the 
laboratory incubation study to determine if  independent variables had a significant effect 
in predicting outcomes from various dependent variables. Microsoft Excel was used in 
computation and pre-processing data in preparation for statistical analysis.
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IV. RESULTS AND DISCUSSION
A. FIELD INVESTIGATIONS 
Sitel: Release of Nitrogen and Trace Metals, and Response of Corn 
Following Land-Applied Biosolids and Manure
The effects of soil-incorporated biosolids and manure on the production o f silage 
com and water quality were investigated in this field study which was located on a 
commercial dairy farm in Boscawen, New Hampshire. This study was conducted from 
1993 to 1997, and focused on nitrate-nitrogen (N 0 3 -N) release throughout the growing 
season. Effects o f precipitation on soil N 0 3-N release patterns and its mobility in soil 
profile were evaluated. Changes in crop yield, soil nutrient/metal concentrations, and 
levels of N 0 3-N in soil pore water and groundwater were also determined.
Seasonal Changes in Soil Nitrate-Nitrogen
The agricultural contribution o f N 0 3-N to the pollution o f groundwater and 
surface water is currently under intensive study. A decade ago, Hansen and Henriksen 
(1989) noted that, while it may be economically desirable to utilize organic manures and 
biosolids on agricultural land, “a greater leakage of N 03-N to aquifers is an almost 
inevitable result” . They further stated that: “agricultural systems based to a greater extent 
on organic inputs are likely to cause more nitrate pollution than those in which a larger
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proportion o f the crop’s N requirement is met from accurate and well-timed applications 
o f inorganic fertilizers in spring”.
While the above observation is the European perspective, it illustrates the critical 
importance o f careful management of organic residues such as biosolids to avoid any 
possibility o f pollution o f water by nitrate-N. Nitrogen management is clearly a priority 
area in agronomy for any land application program with biosolids.
Seasonal patterns of soil N 03-N at Site I are illustrated in Figure 9. These data 
show soil NO3 -N concentrations on selected plots throughout the 1994 and 1995 growing 
seasons using the PSNT assay. Figure 9A shows the seasonal N 0 3-N concentrations in 
PSNT soil samples for the control and the “low” rates o f manure and biosolids for 1994. 
Figure 9B and 9C show corresponding data for both the “low” and “intermediate” rates of 
each amendment in 1995.
Data o f 1994 show that both the release pattern and total quantity of N 0 3-N 
mineralized differ between biosolids and manure. The pattern o f N release from manure 
showed a relatively linear decrease following its spring application; N 0 3-N were equal to 
or lower than those in control plots which suggests that a significant amount o f residual 
N existed in the soil from fertilization in previous years. The levels o f soil N 0 3-N in 
PSNT samples from plots receiving biosolids in 1994 remained high during the first half 
of summer and declined steadily from mid-August to October. Peak concentrations of 
N 03-N in soil from biosolids plots were about twice those for manured plots and 
reflected the higher rates o f total N which were applied from biosolids (162 kg) compared 
to manure (126 kg) during the spring broadcast application. Furthermore, the longer 
residual time o f biosolids-N compared to manure-N is apparent.
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Data o f Figure 9 show that late-season (Aug. - Oct.) NO3 -N concentrations were 
lower with manure compared to biosolids. Levels o f soil N 0 3-N from early spring to 
late fall appear to be a good tool for managing N applications. Field studies in Michigan 
(Vitosh, 1997) noted that soil N 0 3-N concentrations in June reflects both residual nitrate- 
N from the previous year and recently mineralized N from ammonium and organic 
matter. If the soil test in June showed that N 0 3-N levels were greater than 25 mg/kg, no 
additional N was needed. Levels o f N 0 3-N in excess o f 40 mg/kg at this time suggest 
that an excess of N has been applied. Soil test levels in excess of 15 mg/kg at harvest 
were used as an indication o f potential risk to groundwater from fugitive loss o f N 0 3-N 
(Vitosh, 1997). These results suggest that, under conditions of this New Hampshire 
study, use o f a 50% N mineralization rate (NMR) for Concord biosolids is deemed more 
appropriate than use o f the 20-30% values endorsed by US EPA (1983) which were used 
to derive the loading rates for total N in 1994. While challenges may be raised on 
“mineralization rate methodology” -- whether in the laboratory or field — use o f the 50% 
NMR value would lead to lower application rates per unit land area for biosolids, 
translate to lower PSNT N 0 3-N concentrations and reduce the risk to groundwater from 
excess N 0 3-N in the post-harvest period.
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Figure 9. Fig. 9A shows soil N 0 3-N concentrations via PSNT assay for control, manure 
(9.3 tons acre"1), and biosolids (5.6 tons acre’1) in 1994; Fig. 9B represent the same 
treatments for the “low” application rate in 1995; Fig. 9C shows the same treatments 
for the “intermediate” application rate in 1995. Data points are the mean of three 
replications.
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In 1995 (Fig. 9B & 9C), use of a 50% mineralization rate formed the basis for 
reduced applications o f manure and biosolids applications. Results in 1995 show quite 
similar rates and patterns o f seasonal decline for N 03-N for both amendments. Early 
season N 0 3-N concentrations were slightly higher with biosolids compared to values 
with manure. The rate of seasonal decline o f N 0 3-N was more rapid with manure 
compared to control treatments. The variability in seasonal decline was much greater 
with biosolids compared with manure. By mid-October, 1995, N 0 3-N concentrations had 
declined to about 5 mg kg ' 1 for all three treatments with the “low” application rate. For 
the “intermediate” rate, the N 0 3-N levels approached about 5 mg kg ' 1 for the control and 
manure treatments, and were about 1 0  mg kg ' 1 for the biosolids treatment.
The PSNT data for 1995 in association with results o f 1994 illustrates the extreme 
responsiveness o f soil N 0 3-N levels to applied levels o f total N from organic residuals 
following a spring application. When applied at agronomically acceptable rates, both 
biosolids and manure yielded N 0 3-N concentrations which declined linearly throughout 
the growing season, reached acceptable levels in the fall, and should pose little risk to 
groundwater quality. Any shortfall of available N to com crops can be corrected by 
supplemental sidedressed N. Extensive research with the PSNT assay (Magdoff et al., 
1984; Magdoff, 1991; Durieux et al., 1995; Blackmer et al., 1989; Woodward et al., 
1993) has shown the need for supplemental N if  test values fall below a critical N 0 3-N 
concentration o f 25 mg kg' 1 in soil sampled at the 30 cm growth stage for com.
In 1996 and 1997, a single rate o f manure (56 Mg/ha) was spread over all plots. 
Soil samples for PSNT assay were collected from each plot and N 0 3-N concentrations 
measured to determine the “residual” effect o f  application o f biosolids and manure during
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1993-95; results are given in Table 28. Data show that the “residual” N release as N 0 3-N 
was generally much higher with biosolids compared to manure plots in 1996. 
Concentrations of N 0 3-N in control plots were always lower than either biosolids or 
manure treatments. These results suggest that “residual” N 0 3-N release from organic 
wastes such as biosolids and manure must be considered in crop production and using 
conservative agronomic rates can reduce the potential risk o f excessive N 0 3-N loss from 
soil profile.
Table 28. Soil N 0 3-N concentrations in control plots and plots receiving “high” rates o f
biosolids and manure in 1993-95. Values are an average o f three replications, and 
expressed as mg kg' 1 on a dry basis.___________________________________________
Sampling date Control Biosolids (high rate) Manure (high rate)
June 14,1996 10.7 30.3 13.7
June 27, 1996 11.3 35.0 20.7
July 11, 1996 6.7 23.7 1 2 . 0
July 30, 1996 2.7 20.7 4.3
Aug. 12,1996 3.7 24.7 8 . 0
Aug. 26, 1996 2.3 26.3 4.7
Sep. 10, 1996 3.0 17.0 7.0
Nov. 12, 1996 4.3 5.0 6.3
June 16, 1997 1 0 . 0 13.7 1 2 . 0
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Seasonal Variability and Trends o f  Soil Nitrate-Nitrogen
Seasonal change o f soil nitrate-N concentrations in 1994, 1995 and 1996 as 
measured by the PSNT assay is illustrated in Figures 10, 11, and 12. These data compare 
the soil N 0 3-N level o f control versus manure, control versus biosolids, and manure 
versus biosolids, respectively. Soil N 0 3-N concentrations o f control plots were lower 
and less variable compared to those of manure at all the sampling dates throughout the 
three years (Figure 10). High levels o f soil NO 3 -N in June and low levels in September- 
October were also observed. In plots which received biosolids, levels o f soil N 03-N were 
much higher than N 0 3-N concentrations o f control plots. The high June and low 
September-October concentrations o f NO 3 -N occurred in control plots but the variability 
o f  NO 3 -N concentration masked similar pattern in biosolids plots (Figure 11). When soil 
NO3 -N concentrations in manure and biosolids are compared, the peaks o f soil N 03-N 
in biosolids treatments do not match those in manure (Figure 12).






















Figure 10. Seasonal patterns and year-to-year variability o f soil N 0 3-N in control and 
plots receiving the“high” rate o f manure. Data represent three replications for each 
date.

















Figure 11. Seasonal patterns and year-to-year variability o f soil N 03-N in control and 
plots receiving the“high” rate of biosolids. Data represent three replications for each 
date.



















Figure 12. Seasonal patterns and year-to-year variability o f soil N 0 3-N in plots receiving 
the“high” rate o f manure or biosolids. Data represent three replications for each date.
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Soil Pore Water Nitrate-Nitrogen Concentration
Nitrate-N concentrations in soil pore water collected in 1995 from suction 
lysimeters installed four feet below the soil surface in control plots and plots receiving 
“high” rates of biosolids and manure in 1993, 1994, and 1995 are given in Table 29.
Table 29. Nitrate-N concentrations in soil water collected on six sampling dates in 1995 
from suction lysimeters under control plots and plots receiving “high” rates of
biosolids and manure. Values are expressed as mg L~ .
Treatment June 21 July 7 July 19 Aug. 1 Aug. 14 Aug. 28
Control 12.9 1 1 . 2 8 . 8 11.9 6.9 2 . 2
Biosolids 11.4 1 1 . 1 16.0 2 0 . 2 21.5 20.4
Manure 27.1 28.2 29.6 36.0 29.2 29.2
Significant quantities o f  fugitive N 0 3-N escaped beyond the root zone in both 
biosolids- and manure-amended plots. Levels were greater in plots treated with manure 
compared with biosolids. A delayed release of N 03-N with biosolids was also present. 
The total N applied on May 1, 1995 from this “high” treatment rate o f biosolids and 
manure was 320 and 388 Mg ha ' 1 which translates to 160 and 194 Mg ha ' 1 o f available N, 
assuming a 50% mineralization rate (Table 9). These results, whereby approximately the 
same amount o f total N is supplied from both sources, indicate a more rapid release of 
available N from manure compared to biosolids.
Capture o f N 0 3-N by plants before its movement beyond the root zone will 
reduce potential groundwater degradation. The most rapid development o f com root 
systems occurs during the first eight weeks after planting with growth generally 
continuing until silking (Durieux et al., 1994). If mineralization o f  N from biosolids is
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delayed due to low soil temperatures or soil moisture in the early growing season, the 
“window” for peak N absorption may be missed thereby resulting in greater N losses to 
groundwater in late summer and fall. On-site field monitoring of soil temperatures at Site 
I commonly showed values < 19°C (65°F) up to mid-May or early June. These low soil 
temperatures were highly inhibitory to organic-N transformation.
Because the amounts o f organic and inorganic N varies widely in different organic 
N sources (manures, composts, biosolids), a distinction is necessary between N 
availability and N mineralization. The microbial decomposition of organic N with the 
release o f NH4-N and N 0 3 -N, or mineralization, is not a factor if  the N already exists in 
an inorganic form. A ratio of organic N to inorganic N of 3.9 has been reported for solid 
dairy manure in samples analyzed in Ohio (White et al., 1982). Ready et al. (1979) found 
that published values for ammonia-N ranged from 6  to 75% of total N for different types 
o f manures. Very low concentrations o f NH4-N (0-0.3%) existed in the Concord biosolids 
and likely resulted from volatilization o f  NH3  following the lime treatment to achieve 
biological stabilization. In contrast, over 97% of the total N in the Concord biosolids was 
in organic form (Table 23). Results of Hormann et al. (1994) also showed that the major 
N fraction o f biosolids is in the organic form. Thus, the relative quantity o f N in the 
organic and inorganic N fractions o f organic residuals is o f critical importance in 
evaluating N release for plant use and potential N 0 3-N losses to groundwater.
Monitoring of N 0 3-N in soil pore water continued in 1996 and 1997. During this 
two-year period, no biosolids were applied to the plot area. A preplant, broadcast, and 
soil-incorporated application of manure at 56 Mg/ha (25 tons/acre) was made to the plot
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area in both 1996 and 1997. Nitrate-N concentrations in lysimeter water samples for 
1996 and 1997 are given in Tables 30 and 31, respectively.
Table 30. Nitrate-N concentrations in soil water collected on six sampling dates in 1996 
from suction lysimeters under control plots and plots receiving “high” rates of 
biosolids and manure as pre-plant, soil-incorporated applications in 1993, 1994, and
1995. Values are expressed as mg L*1._______________________________________
Treatment June 27 July 30 Aug. 26 Sep. 10 Oct. 29 Nov. 12
Control 15.9 21.7 14.9 1 0 . 8 3.4 4.4
Biosolids 64.7 30.5 39.4 30.1 117.0 137.0
Manure 81.6 78.3 48.4 36.7 54.7 59.0
Table 31. Nitrate-N concentrations in soil water collected on four sampling dates in 1997 
from suction lysimeters under control plots and plots receiving “high” rates of 
biosolids and manure as pre-plant, soil-incorporated applications in 1993, 1994, and
1995. Values are expressed as mg L~l.________________________________________
Treatment July 21_________ Aug. 20 Sep. 9_________Oct. 16
Control 7.7 5.8 1.3 0.4
Biosolids 27.1 19.0 18.7
Manure 35.0 29.9 24.1 15.8
Data in Table 30 show a general decline in soil pore water N 0 3-N concentrations 
from late spring to harvest time (September 17) and a post-harvest increase in October 
and November. The two large values (117 and 137 mg N/L) associated with water 
collected in late fall from biosolids-amended plots indicate a high risk of fugitive N 0 3-N 
escaping to groundwater. The lack o f crop uptake of N and high rainfall during this 
period created excellent conditions for N 0 3-N loss to groundwater. In 1997, a consistent
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decline o f soil pore water N 0 3-N occurred through the growing season and post-harvest 
period. Such results suggest a reduced “residual effect” two years following the 
application o f biosolids and the impact o f an exceptional dry summer in 1997.
A conceptual N release model derived from the data o f PSNT and lysimeters 
shown in the previous sections is illustrated in Figure 13. The potential risk o f fugitive 
nitrate leaching is high after harvest o f com due to the lack o f a growing crop and 
maintenance o f relatively high soil temperature for continued nitrification and the 
prevalence of abundant rainfall at this time.
2s
IoCC
N itrate-N  r e le a s e  fro m  b io so iid s
Harvest G round  frozenEarly spnng
Figure 13. Conceptual model o f nitrate-N release from Concord biosoiids and dairy 
manure based on PSNT and Lysimeter data derived from 1993 to 1997 at Site I.
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Groundwater Nitrate-Nitrogen Fluctuation
Concentrations o f N 0 3-N in groundwater were determined from samples 
collected from six SDW’s which were installed on June 14, 1995 in the field adjacent to 
the Site I experiment.
In 1995, water samples were collected on June 21, July 19 and August 29 from 
the six SDWs. Concentrations o f N 0 3-N in the groundwater are listed in Table 32. 
Water beneath the area which received biosoiids gave average values (3 wells) of 7.6, 9.2 
and 12.2 mg/L o f N 0 3-N over this three month period. Water samples collected from the 
manured area (2 wells) showed N 0 3-N concentrations o f 8.1, 10.3, and 3.5 mg kg-1 for 
the respective dates. Water from the single control well gave values o f 1.2, 0.8, and 1.4 
mg kg* 1 N 03-N for the three sampling dates. Such data affirm a slower release o f N 
exists with biosoiids compared with manure, which is supported by results shown with 
biosoiids in Figure 9B and 9C.
Table 32. Nitrate-N concentrations in groundwater collected on three sampling dates in
1995 from SDWs in “control” field and fields receiving recommended rates of 
biosoiids or manure in the spring o f 1995. Values are expressed as mg L*1.__________
Treatment June 21 July August 29
Control 1 . 2 0 . 8 1.4
Biosoiids 7.6 9.2 1 2 . 2
Manure 8 . 1 10.3 3.5
In 1996, a year after biosoiids applications had ceased, a stronger “residual 
effect” on groundwater N 0 3-N concentration is evident from biosoiids compared to 
manure (Table 33). Levels o f N 0 3-N in groundwater beneath the area receiving 
biosoiids did not fall below the drinking water standard 10 mg L ' 1 until two months after
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harvest. In contrast, the N 03-N concentration in groundwater from the manured field 
diminished linearly with the season. The highest N 0 3-N concentration (18.5 mg L*1) 
occurred one month after harvest. The lack o f plant uptake of N 0 3 -N, continued 
nitrification, and abundant rainfall during the fall together enhance downward movement 
o fN 0 3 -N.
Table 33. Nitrate-N concentrations in groundwater collected on five sampling dates in 
1996 from SDWs beneath the “control” field and fields receiving recommended rates 
o f biosoiids or manure in the spring o f  1995 and 1996. Values are expressed as mg L'
Field July 11 Aug. 12 Sep. 10 Oct. 8 Nov. 12
Control 0 . 8 0 . 2 0.3 0.3 0.3
Biosoiids 16.5 14.2 13.0 18.5 9.2
Manure 14.7 1 0 . 6 10.3 8 . 6 2 . 2  •
In 1997, N 0 3-N concentrations in groundwater (Table 34) had decreased from the 
higher values o f 1996 with both biosoiids and manure. Groundwater N 0 3-N levels under 
the manure-treated field were all lower than the 10 mg L* 1 federal standard, but under the 
biosolids-treated field they were 14, and 15.3 mg L' 1 in August, and September, 
respectively.
Table 34. Nitrate-N concentrations in groundwater collected on five sampling dates in 
1997 from SDWs beneath “control” field and fields receiving recommended rates of 
biosoiids or manure in the spring of 1995, 1996 and 1997. Values are expressed as mg 
L '1.
Field June 16 July 21 Aug. 20 Sep. 9 Oct. 16
Control 0 . 1 0 . 1 0 . 2 0 . 2 0.5
Biosoiids 3.7 4.1 14 15.3 8.3
Manure 2.9 1.7 7.3 5.0 6.7
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Mobility ofNitrate-Nitrogen in the Soil Profile
Nitrate-N concentrations in successive 30-cm segments of soil cores collected on
October 20, 1994 at Site I to a 120-cm depth are given in Figure 14. The biosoiids
treatment shows more vertical mobility of fugitive N 03-N compared to the manure- 
treated plots although no effect from either treatment was observed below 90-cm. The 
depletion of N 0 3-N at the lower depths suggests a faster release of N from manure 
compared to biosoiids. This pattern of an increased N 03-N depletion with soil depth in 
manured plots compared with a more uniform N 0 3-N distribution in plots amended with 
biosoiids indicates a higher degree of available-N with manure during growing season 
compared with more mineralizable-N with biosoiids. This interpretation is supported by 
the higher N 03-N levels from manured plots in lysimeter water (Table 30 and 31) 
suggesting a greater N 0 3-N release during the growing season.
N 0 3-N concentration in soil (mg kg'1)
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
-1
+ Biosoiids (168 Mg ha )
0-30 -
30-60 -
q_ 60-90 -  
0
Q  90-120 -
+ Manure (168 Mg ha 1)Control
Figure 14. Vertical distribution of soil N 03-N o f control, soil amended with 168 Mg ha ' 1 
biosoiids and 168 Mg ha ' 1 manure at com harvest on Site I.
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Rainfall and Temperature Patterns (1993-1996)
The temperature and rainfall data for the Concord, NH area, adjacent to Site I are 
given in Figure 15 for 1993 and 1994. Drought conditions impacted growth during the 
late spring and summer o f  1993 with rains returning to a normal pattern in September. In 
1994 the rainfall pattern was quite evenly distributed. Mid-summer temperatures in 1993 
and 1994 were slightly higher than those normally observed at this location. The N 0 3-N 
status of soil via PSNT assay and soil-pore water via lysimeter collection at Site I in 1995 
are shown in Figure 16. These data, from plots which received the “high” rate o f 
biosoiids, show a seasonal decline in soil N 03-N concentrations from June to September. 
In contrast, N 0 3-N concentrations in soil-pore water nearly doubled from 11 to 20 mg L' 
1 from June to August. Concentrations o f N 0 3-N in groundwater under a biosolids- 
amended field area near Site I also showed an increase during the growing season, 
exceeding 10 mg L* 1 in August. The heavy precipitation in October and November in 
association with plentiful amounts o f subsoil N 03-N suggest that a risk to groundwater 
quality existed at Site I. Burgstrom and Brink (1986) noted that, under Swedish 
conditions, leaching o f N 0 3-N from arable lands occurred mainly in the autumn which 
was characterized by high precipitation, high inorganic soil N  and lack o f crop uptake.
In 1996, data collection continued at Site I to assess N 0 3-N status of soil, soil- 
pore water and groundwater (Figure 17) using the 1995 sampling protocol. No biosoiids 
were applied to the plot area in 1996 but the entire experimental area received 45 Mg/ha 
( 2 0  tons/acre) o f dairy manure as a broadcast, soil-incorporated application three weeks 
prior to planting of the com crop. Soil pore N 03-N concentrations were much higher in
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1996 samples compared to those collected in 1995. Such results may reflect the marked 
differences in early-season rainfall between the two years. In 1995, the April and May 
rainfall totaled 13 cm compared to 28 cm for the comparable period in 1996. This early- 
season rain coupled with the absence o f a growing crop creates an environment which is 
conductive to N 03-N loss through the soil profile if  subsurface moisture is adequate. 
Although the August 1996 precipitation was exceptionally low (<1 cm), mobilization of 
N 0 3-N to groundwater occurred where concentrations exceeded 10 mg L' 1 from July to 
October. These data suggest that a high risk o f groundwater pollution with N 03-N 
occurs after harvest and keen attention must be given to assure that agronomic rates of 
biosoiids are used, particularly in view of imprecision associated with their residual 
effects and variability in weather conditions.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
99
1993* 1994*



















J M M J  S N D J M M J  S N
Month
J M M J S  ND
Source: *National Oceanic and Atmospheric Administration (NOAA) 1993. New
England Climatological Data. Vol 105 n. 13. NOAA monitoring station was. 
located at the Concord Airport.
**New Hampshire State Climatologist, Barry Kiem, Department of Geography, 
University of New Hampshire.
Figure 15. Average monthly temperature and precipitation in the Concord area in 1993 
and 1994 compared to the 30-year average throughout the 1961-1990 period.
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Fig. 16B
Figure 16. Nitrate status o f soil via PSNT assay, soil pore water via lysimeter, and 
groundwater via SDWs at Site 1 in 1995. On-site precipitation is depicted in Figure 
16A and regional precipitation is shown in Figure 16B.
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Fig. 17B
Figure 17. Nitrate status o f soil via PSNT assay, soil pore water via lysimeter, and 
groundwater via SDWs at Site 1 in 1996. On-site precipitation is depicted in Figure 
17A and regional precipitation is shown in Figure 17B.
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Soil pH, K, P, Ca, and Mg
The effects o f  three annual applications o f lime-stabilized biosoiids and dairy 
manure on various soil parameters at Site I are given in Table 35. The initial soil assay 
showed a pH o f 7.2 and K, P, Ca, and Mg concentrations o f 142, 171, 1412, and 112 
mg/kg, respectively.
Table 35. Concentration o f plant-available nutrients (Mehlich 3-extr.) present in soils 
amended with Concord biosoiids and dairy manure at Site I in 1993, 1994, and 1995a.
Treatment Date o f sampling
m K
Julv 13. 1993 
P Ca Mg
Control 7.3a 132b 333a 2193c 1 2 2 a
Current Practice 7.2ab 143b 333a 1793f 135a
Biosoiids, 25 tons/acre 7.0b 129b 295ab 1916d 128a
Manure, 25 tons/acre 7.2ab 147b 323a 1779ef 141a
Biosoiids, 50 tons/acre 7.0b 119b 305ab 2391b 130a
Manure, 50 tons/acre 7.2a 172ab 254b 1814e 135a
Biosoiids, 75 tons/acre 7.0b 2 1 0 a 310ab 2678a 190a
Manure, 75 tons/acre 7. lab 205a 259b 1793e 165a
pH K
Julv 25. 1994 
P Ca Mg
Control 7.3a 139c 402a 2524a 116d
Current Practice 7.1a 173bc 433a 1941a 152cd
Biosoiids, 25 tons/acre 7.1a 113c 404a 2926a 125cd
Manure, 25 tons/acre 7.2a 187bc 443a 1985a 165c
Biosoiids, 50 tons/acre 7.1a 109c 441a 2867a 119d
Manure, 50 tons/acre 7.2a 245ab 466a 2643a 204b
Biosoiids, 75 tons/acre 7.1a 150c 465a 2962a 137cd
Manure, 75 tons/acre 7.2a 311a 489a 2537a 253a
pH K
Mav 11. 1995 
P Ca Mg
Control 7.5bc 137cd 344a 2009b 82d
Current Practice 7.5cd I55abcd 421a 2039b 154bc
Biosoiids, 25 tons/acre 7.6ab 142cd 406a 2855ab 105cd
Manure, 25 tons/acre 7.4d 173abc 437a 1954b 152bc
Biosoiids, 50 tons/acre 7.7a 107d 450a 3502a 117cd
Manure, 50 tons/acre 7.4cd 207ab 476a 2528ab 182b
Biosoiids, 75 tons/acre 7.7a 146bcd 408a 3565a 123cd
Manure, 75 tons/acre 7.4d 215a 429a 2193b 242a
Values followed by the same letters) within a column do not differ significantly at (P<0.05) according to
Duncan’s Multiple Range Test.
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Soil test values for Ca were significantly increased with the application of 
biosoiids, doubling from 1993 to 1995. Another significant change was soil pH which 
increased from about 7.2 to 7.7 following biosoiids use over the three-year period. This 
modest pH increase with biosoiids on the Ondawa soil suggests a strong buffering 
capacity, perhaps resulting from the organic matter contribution o f the biosoiids. An 
increase o f about one percent in soil organic matter occurred at the high rates o f both soil 
amendments (data not shown).
Concentrations of soil K. remained unchanged or declined with biosoiids use. 
Such results suggest the need to carefully monitor soil K status and plan for supplemental 
fertilizer-K to prevent a potential deficiency in the crop. A significant contribution of K 
from manure was expected and is reflected in the elevation of soil K levels from 1993 to 
1995. Levels o f soil Mg were increased following manure use and remained unchanged 
with the use o f biosoiids.
Soil Bulk Density
Soil bulk density (Db) is defined as the mass o f dry soil solids per unit volume of 
soil. Soil Db was determined from the soil core samples which were collected on October 
20, 1994 from Site 1. Neither soil amendment significantly affected soil bulk density. 
However, a significant interaction did exist between application rates and soil depth on 
bulk density (Table 36). Bulk density within the top 0-30 cm soil layer decreased at the 
high amendment rate compared to the sub-soil layers (30-60 cm and 60-90 cm) while no 
such differences were observed in control or intermediate rate plots. The Db of the 
surface 0-30 cm horizon declined from 1.433 to 1.400 to 1.317 for the control,
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intermediate and high amendment rates, respectively. Such a response is clearly related 
to the physical incorporation o f  the amendments into the surface soil by discing. This 
decrease in Db may also result from the low particle density o f organic particles compared 
to the relative high particle densities of mineral particles and the improved aggregation 
and soil porosity following incorporation of the organic substances.
Table 36. Effects o f treatments on soil bulk density at Site I. Soil sampling on October 
20, 1994 occurred two years after the application o f Concord biosoiids and dairy 
manure. Values represent the mean of two materials and three replications, and are
Depth (cm) Control Intermediate rate High rate
0-30 1.433 cda 1.400 cd 1.317 d
30-60 1.400 cd 1.400 cd 1.417 cd
60-90 1.467 cd 1.450 cd 1.483 be
90-120 1.667 a 1.667 a 1.617 ab
Values followed by the same letter(s) within a column do not differ significantly at (P<0.05) according to 
Duncan’s Multiple Range Test.
Trace Metals
The concentrations o f six trace metals in 120 cm deep soil cores collected on 
October 20, 1994 from plots receiving “high” rates o f lime-stabilized biosoiids (60 and 
37.5 dry Mg/ha in 1993 and 1994) at Site I are shown in Table 37. Results indicate no 
significant effect from either biosoiids or manure on acid-extractable metal 
concentrations (Cr, Pb, Ni, Cu, Zn, and Cd) in the total profile sample compared to the 
control treatment.
The effects o f biosoiids and manure on Cu, Zn, and Pb levels in 30-cm soil 
segments showed significant elevation only for Cu concentrations and only for the top 0- 
30 cm segment (Table 38). “High” application rates o f manure did not significantly 
change the concentrations o f any metals in the soil segments. Changes in the
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concentrations of the other three metals studied (Cr, Ni, and Cd) in the soil segments 
were very slight and not significantly affected by either biosolids or manure at the “high” 
application rates (data not shown).
Table 37. Concentration o f  six trace metals in 0-120 cm soil cores from plots at Site I
which received “high” annual rates of Concord biosolids and dairy manure in 1993 
and 1994. Values are expressed as mg kg' 1 on dry basisa._________________________
Treatment Cr Pb Ni Cu Zn Cd
Control 6 . 6 5.5 6.3 6.5 42.3 0 . 1
Biosolids 8 . 0 7.2 7.8 8 . 2 47.4 0 . 1
Manure 8 . 0 6.7 7.6 7.0 42.7 0 . 1
‘Cores were collected on October 20, 1994. All values represent the mean of four 30 cm segments and
three replications for each of the three treatments.
Table 38. Vertical distribution of trace metals in soil core segments from plots at Site I
which received “high” annual rates o f Concord biosolids or dairy manure in 1993 and
1994. Values are expressed as mg kg' 1 on a dry weight basis1.
Depth (cm) Cu Zn Pb
Biosolids Manure Biosolids Manure Biosolids Manure
0-30 1 0 . 8  ab 7.1 NS 58 NS 46 NS 10.0 NS 8.7 NS
30-60 7.6 b 7.5 NS 43 NS 43 NS 6.7 NS 6.7 NS
60-90 7.5 b 6.7 NS 45 NS 41 NS 6.0 NS 5.0 NS
90-120 7.0 b 6 . 8  NS 43 NS 40 NS 6.5 NS 6.5 NS
‘Cores were collected on October 20, 1994. Values represent the mean of three replications.
Values followed by the same letter(s) within a column do not differ significantly at (P<0.05) according to
Duncan’s Multiple Range Test
Compared to the control, the contribution of the treatments (“high” loading rates 
o f Concord biosolids and dairy manure) to the three metals (Pb, Cu, and Zn) in 0-30 cm 
soil layer are shown in Table 39. These results suggest that the relative contributions to 
the three metals in the 0-30 cm soil layer from biosolids were approximately twice to ten
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times as high as from manure. Zinc and copper are quantitatively the priority trace metals 
in the 0-30 soil core samples amended with Concord biosolids.
Table 39. Contribution o f Concord biosolids and dairy manure to the three metals in 0-30 
soil samples collected on October 20, 1994 at Site I. Values are expressed as %a.
Treatment Pb Cu Zn
Manure (62 Mg ha"1) 24 9.2 2.9
Biosolids (37 Mg ha'1) 43 6 6 30
‘Formula used to obtain the above values: 100 x (Treatment - control) /  control = value (%)
With respect to the US EPA 503 standards on metal loading limit (US EPA, 
1993), results obtained from the Site I indicate that during the three-year experiment 
(1993, 1994, 1995) the “highest” loading rate (60 Mg/ha, DW basis) o f the Concord 
biosolids supplied 2.61 kg/ha Pb, 16.89 kg/ha Cu, and 38.97 kg/ha Zn which are 0.54%, 
1.13%, and 1.40% of the Pb, Cu, and Zn limit in the US EPA 503 standards. Based on the 
highest loading rate (60 Mg/ha DW basis) used at Site I assuming annual application, it 
will take 72, 8 8 , and 115 years for Pb, Cu, and Zn to reach the EPA CPLRL. If an 
agronomic loading rate (ALR) is used with the assumption that 100 lbs available N is 
provided in the first year from the Concord biosolids application ( 6  Mg/ha DW basis with 
4% total N and 50% NMR), 720-1150 years of annual application will be needed to reach 
the EPA CPLRL (Figure 18). Thus, use of the appropriate agronomic loading rate will 
help to optimize crop nutrition, reduce the risk o f nutrient and metal pollution to land and 
water, and promote sustainable land use.
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There exists an abundant body of research on the fate o f heavy metals in soils that 
have been amended with biosolids. Excellent coverage includes works by Outwater 
(1994) and Lai and Stewart (1994). The latter reference cites the typical normal range 
(expressed as mg kg"1) for trace metals in soils to be: Cr, 5-1500; Pb, 2-300; Ni, 2-1000; 
Cu, 2-250; Zn, 10-300; and Cd, 0.01-2.4. Thus, while the concentrations of Pb, Cu, and 
Zn were slightly elevated following biosolids application, concentrations remained very 
low relative to the range found in soils under natural conditions. Similar results were 
shown with plant tissue in results of Peterson et al. (1983) who noted that, after 15 years 
of biosolids application (0, 6.7, 13.4 dry Mg ha"1) to a field site on which com was 
grown, no significant changes occurred in metal concentrations of the grain although a 









Figure 18. Number o f years of annual application o f Concord biosolids to achieve 
Cumulative Loading Limits for Pb, Cu and Zn via US EPA 503 standard.
Note: Site-I HLR = Site-I highest loading rate (kg/ha) during the three year application o f Concord 
biosolids; Site-I ALR = Site-I agronomic loading rate (kg/ha) which assumes 100 lbs available N 
released from Concord biosolids with a 4% total N and 50% N mineralization rate.





A one way analysis of variance (ANOVA) was conducted to determine the effect 
o f both the treatment and year on silage com dry matter yield over the five year 
experimental period at Site I. The results of this analysis are presented in Table 40.
Table 40. Results of ANOVA analysis for com yield data from 1993 to 1997 at Site I.
Source DF SS MS F Pa
Total 44 89.5
Year 4 36.4 9.1 4.1 0.04
Error 8 17.8 2 . 2
Treatment 2 0.7 0.3 0.4
Year * Treatment 8 8.9 1 . 1 1 . 2 0.33
Error 2 0 18.2 0.9
*P values shown are significant at the 0.05 level.
The ANOVA results showed a significant yield difference between years with no 
significant difference existing between treatments. The high variation among plots 
receiving the same treatment (experimental error) is likely due to an application which 
involved a highly variable material, use of farm-scale equipment which compromised 
precision, and a soil with high residual fertility. These limitations associated with farm 
scale activity did not easily lend themselves to refinement. In 1995, as residual fertility 
was reduced after three cropping years, both biosolids and manure significantly increased 
yields at the 10% probability level compared to the control, i.e., 90% o f the time the
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results would be expected to be true and not due to chance. In 1996 and 1997, a single 
application rate of dairy manure was spread over all the plots, which may have masked 
any opportunity for significant yield differences between treatments.
The significant yield difference between years was most likely due to the overall 
increased soil fertility after addition o f organic wastes for five years. For example, the 
overall average yield was the lowest in year one (1993, 7.78 DW tons/acre) and the 
highest in year five (1997, 10.49 DW tons/acre).
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Site II: Release of Nitrogen and Trace Metals, and Response of Corn Following 
Land-Applied Aerobically- and Anaerobically- Digested Biosolids
The effects of soil-incorporation o f  two different types o f biosolids on the 
production o f silage com were investigated in this field study which was located in 
Hanover, New Hampshire. This study was conducted from 1993 to 1996, and focused on 
seasonal changes in nitrate-nitrogen (N 0 3 -N) release. Changes in yield, and soil 
nutrient/metal concentration following soil-incorporation of the two biosolids were also 
determined.
Soil Nitrate-Nitrogen
The PSNT assays of soil N 0 3-N for several sampling periods in 1994 are given in 
Table 41; data for PSNT tests conducted in 1995 are given in Table 42.
Table 41. Soil nitrate-N concentrations via PSNT assay on three sampling dates in 1994 
at Site H. Values are expressed as mg kg ' 1 on a dry weight basis.__________________
Treatment June 29 August 10 October 13
Control 26 2 7
Concord biosolids ( Mg/ha)
Low rate (17.7) 74 53 39
Intermediate rate (35.4) 103 123 6 6
Hanover biosolids ( Mg/ha)
Low rate (5.1) 56 19 14
Intermediate rate (10.2) 73 27 19
High rate (15.3) 119 54 61
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Table 42. Soil nitrate-N concentrations via PSNT assay on four sampling dates in 1995 
at Site n. Values are expressed as mg kg' 1 on a dry weight basis.__________________
Treatment June 2 July 31 August 15 October 10
Control 23.3 29.5 17.3 4.3
Concord biosolids
Low rate 25.3 57.6 34.0 11.7
Intermediate rate 57.3 42.6 53.0 39.0
Hanover biosolids
Low rate 43.0 40.6 13.3 9.0
Intermediate rate 60.0 37.6 37.6 23.3
High rate 59.0 57.6 47.6 18.6
Results shown in Table 41 and 42 show that early season N 0 3-N concentrations 
in soil were very high in 1994 for both biosolids treatments; comparable plot areas which 
received reduced application rates in 1995 gave lower N 0 3-N values. The high loading 
rates of total N in 1994 and 1995 assumed a mineralization rate of 30% and resulted in 
excessive N 03-N levels for agronomic crops. The normal range of soil N 0 3-N 
concentrations under com in June is commonly between 25 and 40 mg kg*1, and 15 mg 
kg ' 1 at harvest may indicate excess soil N (Vitosh, 1997). Other work suggests that 
values over 25 mg kg’ 1 late in the growing season may yield significant quantities of 
N 0 3-N which is subject to leaching from the root zone (Roth and Fox, 1990; Sims, 1987; 
Weil et al., 1990).
The rate o f seasonal decline in soil N 03-N concentration was more rapid with the 
anaerobically digested biosolids from Hanover, NH compared to lime-stabilized, 
aerobically digested biosolids from Concord, NH. Assay o f the Concord biosolids 
showed 98% o f its total N was in organic form while the range o f organic-N was 70-90% 
in Hanover biosolids. The greater rate of disappearance o f N from the Hanover product
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during the growing season may have resulted from (a) its higher content o f inorganic-N 
(NH4-N + NO3 -N ), (b) smaller particle size, or (c) a matrix which favored a higher 
mineralization rate. The sharp reduction in PSNT N 03-N concentration in 1995 
compared to 1994 for plots treated with Concord biosolids indicates a soil which is highly 
responsive to a reduced N loading.
In 1996, concentrations o f soil NO 3 -N via the PSNT assay in early season (June 
12) are shown in Table 43. Compared to results in 1995 (Table 42), soil N 0 3-N levels in 
the control plots in June were essentially the same (23 and 23.3 mg kg*1) for both years. 
Since Concord biosolids were not applied in 1996 at Site H, the soil N 03-N 
concentrations in June were not substantially different (21-22 ppm ) compared to the 
control (23 ppm). Nitrogen supplied from Hanover biosolids in 1996 (total N = 241 
kg/ha) was about one third less than that provided in 1995 (total N = 349 kg/ha), resulting 
in approximately a one third decline in the soil N 03-N concentrations in the June soil 
test.
Table 43. Soil nitrate-N concentrations via PSNT assay on June 12, 1996 at Site H which
received both Hanover and Concord biosolids in 1994 and 1995, and only Hanover 
biosolids in 1996. Values are expressed as mg kg* 1 on a dry weight basis.___________
Treatment NO3 -N concentration
Control 23
Concord biosolids
Low rate 2 2
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Soil Pore Water Nitrate-Nitrogen
The NO3 -N concentrations in soil water derived from suction lysimeters in 1996 
at Site II are given in Table 44.
Table 44. Nitrate-N concentrations in soil-pore water collected from lysimeters on five
sampling dates in 1996 at Site H. Values are expressed as mg kg' on a dry weight 
basis1.
Treatment June 21 July 24 Aug. 20 Oct. 9 Nov. 1
Control
Concord biosolids1
20.7 37.0 24.4 7.1 3.9
Low rate 24.2 2 1 . 6 21.3 17.4 10.3
Intermediate rate 
Hanover biosolids
2 2 . 2 35.3 69.4 63.5 55.9
Low rate 21.5 39.0 51.9 55.3 25.6
Intermediate rate 21.7 30.9 62.8 63.5 48.2
■“No Concord biosolids was applied in 1996 at Site II; the rates o f biosolids indicate plots which received
low and intermediate application of Concord biosolids in the previous years (1994 and 1995).
Data in Table 44 show that a strong tendency for late season elevation o f N 0 3-N 
with intermediate rates of both biosolids treatments.
Trace Metals
O f the six trace metals tested (Zn, Cu, Cr, Cd, Pb, Ni), significant increases 
occurred only with Cu and Zn concentrations in surface soil (0-30 cm) following annual 
applications o f both Hanover (1994-1996) and Concord biosolids (1994-1995) at Site II 
(Table 45). These data correspond to the relatively high loading rates for these metals 
(Table 13 and 17) which predominate in the Hanover and Concord biosolids. While 
significant increases in the concentrations o f acid-extractable Cu and Zn did occur with
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biosolids use, the soil concentration o f either metal at any treatment rate was extremely 
low relative to reported ranges in soil (Table 46). The amount o f acid extractable metal 
correlated strongly with application rate of both types o f biosolids.
Table 45. Concentrations o f  acid-extractable Cu and Zn in surface soil (0-30 cm) 
collected on October 10, 1995 from plots receiving respective rates o f both Hanover 
and Concord biosolids in 1994 and 1995 at Site H. Values represent the mean of
. 1___   I - ___. - ______  , ____________  | __________ i ___- I _______ , ________ • » . i r a
Treatment Cu Zn
Control 1 . 8  d” 7.4c
Concord biosolids
Low rate 2.9 cd 1 0 . 8  abc
Intermediate rate 4.2 c 13.8 a
Hanover biosolids
Low rate 4.0 c 8 . 1  be
Intermediate rate 6 . 2  b 1 1 . 6  ab
High rate 7.7 a 14.2 a
‘Acid extraction via 8 N HN03;
'Values followed by the same letter(s) within a column do not differ significantly at (P<0.05) according to 
Duncan’s Multiple Range Test.
Table 46. Typical concentrations o f metals in non-biosolids amended soils. Values are 
expressed as mg kg ' 1 on a dry weight basis.____________________________________
Trace metals Mean Range
Zn 300 60-2000
Cu 2 0 2 - 1 0 0
Cd 0.06 0.01-0.7
Cr 1 0 0 5-3000
Pb 1 0 2 - 2 0 0
Ni 40 1 0 - 1 0 0 0
From Kabata-Pendias, A., and H. Pendias. 1993. Trace elements in soil and plants. CRC Press, London. 
365 p.
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Yield
Results of biosolids treatments on com yields at Site II in 1993, 1994, and 1995 
are given in Table 47. No significant effects on yields were noted in 1993 or 1995 while 
yield improvements occurred with higher rates of both Concord and Hanover biosolids in 
1994. No yield penalty accrued from high amendment rates in any year. The marked 
year-to-year variation in yield may reflect differences in summer precipitation, which 
were 32.8, 43.5 and 23.9 cm for the June to September period o f  1993, 1994, and 1995, 
respectively.
Table 47. Yields of com at Site II in 1993, 1994, and 1995. Values represent the mean of 
three replications. Values are expressed as Mg ha' 1 on a dry weight basis.__________
Treatment 1993 1994 1995
Control 12.25 aa 14.34 c 5.51 a
Concord biosolids
Low rate 12.99 a 15.19 be 5.87 a
Intermediate rate 13.46 a 16.64 ab 5.80 a
Hanover biosolids
Low rate 13.40 a 15.52 be 5.96 a
Intermediate rate 14.31 a 19.76 a 6.07 a
High rate 13.10 a 16.93 ab 6 . 0 0  a
Values followed by the same letter(s) within a column do not differ significantly at (P<0.05) according to
Duncan’s Multiple Range Test.
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Site HI: Yield Response of Corn to Land-Applied 
Hanover and Suncook Biosolids
The response of com to four rates o f two types of soil-incorporated biosolids is 
presented in Table 48. Com was more responsive to anaerobically-digested biosolids 
(Hanover, NH WWTF) compared to aerobic, lime-stabilized biosolids (Suncook, NH 
WWTF). With anaerobically-digested biosolids, yields progressively increased with 
available N treatments up to and including 112 kg/ha (Figure 19); only the first 
increment o f N (84 kg/ha) supplied from aerobic, lime-stabilized biosolids provided a 
significant yield benefit compared to the control. These data suggest a greater 
bioavailability o f nutrients from anaerobically-digested biosolids which is in synchrony 
with the nutrient demands o f the crop.
Table 48. The effects of four rates o f soil-incorporated two types o f biosolids on silage 
yield o f com harvested on August 30, 1997 at Site HI. Values represent dry matter
yield as the mean of four replications.
Hanover biosolids 
(avail. N kg ha'1)
Silage yield o f com 
(Mg ha'1)
Suncook biosolids 
(avail. N kg ha'1)
Silage yield o f com 
(Mg ha'1)
0 10.76 da 0 10.18 d
84 13.09 b 84 12.54 be
1 1 2 14.66 a 1 1 2 11.23 cd
168 14.94 a 168 1 1 . 0 2  cd
“Values followed by the same letter(s) within a column do not differ significantly at (P<0.05) according to 
Duncan’s Multiple Range Test.




Figure 19. Com response to soil-incorporated anaerobically digested Hanover biosolids. 
Photo was taken at the harvest in 1997 at Site IE.
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Because o f the strong partitioning o f tissue N to the kernels o f the com ear as the 
crop matures, grain (kernel) yield was assessed from subsamples collected at Site EH 
(Table 49). Grain yield was significantly increased with both source materials at the 84 
kg/ha treatment; no yield benefits accrued from subsequent N additions (i.e. 112 and 168 
kg/ha).
Table 49. The effects o f four N rates from two types o f biosolids on grain yield o f com 
harvested on August 30, 1997 at Site HI. Values represent dry matter yield as the
mean of four replications.
Hanover biosolids 
(avail. N kg ha'1)
Grain yield o f com 
(Mg ha'1)
Suncook biosolids 
(avail. N kg ha’1)
Grain yield of com 
(Mg h a 1)
0 4.02 ea 0 3.74 e
84 6.04 abc 84 5.53 bed
1 1 2 6.89 a 1 1 2 5.33 cd
168 6.46 ab 168 4.96 d
Values followed by the same letter(s) within a column do not differ significantly at (P<0.05) according to
Duncan’s Multiple Range Test.
Results from Site EH indicate that the agronomically optimum application rate o f 
available N was 112 kg/ha for Hanover biosolids while that for Suncook biosolids was 84 
kg/ha.
Factors affecting such a response may include the presence of low P 
concentrations in the Suncook compared to Hanover biosolids. As shown in Table 20, N 
and K contributions from the two biosolids are comparable. For the 84, 112, and 168 kg 
N ha ' 1 treatments, the respective loading rates of K were 4.7, 6.2, and 9.3 kg ha’ 1 from 
Hanover biosolids , and 5.8, 7.7, and 11.6 kg/ha from Suncook biosolids. In contrast, the
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respective loading rates o f P from Suncook biosolids were only about 43% o f those from 
Hanover biosolids. While additional research is warranted to verify the critical role of P 
in such an interpretation, the low levels of soluble P associated with lime-stabilized 
biosolids may be limiting yields. In commercial practice, supplemental P from either 
broadcast-P or starter-P is in common usage to assure that adequate supplies of soluble P 
reach root systems of crops. The Ca contributed in lime-stabilized biosolids is also 
suggested as a potential problem. In conventional fertilization programs, liming soils to 
pH 6.8-7.0 can reduce P availability because of the precipitation o f Ca or Mg phosphates. 
The Suncook biosolids, with an initial pH of 8-10, derived for the lime-stabilization 
process for pathogen control at the WWTF, contributes large quantities o f very soluble 
Ca to the soil solution following its land application. Its role in immobilizing P - in spite 
o f the presence o f significant quantities o f P in the biosolids - warrants further work.
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B. Greenhouse Investigations
Experiment 1: Nitrogen Release from Soil-Incorporated 
Organic Wastes
The objective of this study was to evaluate the effects of soil temperatures (15, 22, 
and 30 °C) on N release from three organic wastes (manure, biosolids, and compost), and 
determine its uptake by com. Knowledge o f the relative effects o f soil temperature on N 
mineralization will aid in managing organic wastes under field conditions. Dairy manure, 
biosolids from the Concord Waste Water Treatment Facility, and compost derived from 
leaf/yard waste represented the products evaluated. Four rates of application — equivalent 
to available N rates of 0, 56, 112, 168 kg/ha (0, 50, 100, 150 pounds/acre) — of each 
product were soil-incorporated prior to planting.
Effects o f Soil Temperature and Application Rate on N  Uptake by Corn
Figure 20 shows the interaction effect o f soil temperature and N rate on relative N 
uptake efficiency (Ne) of com grown in biosolids-amended soil. Relative N uptake 
efficiency is the percentage of total tissue N relative to the total N added to the soil from 
the biosolids. The results indicate that the Ne by com increased with increasing soil 
temperature at the low and intermediate application rate of biosolids. At the highest rate 
of biosolids, Ne was severely depressed at the highest soil temperature, possibly due to 
phytoxicity associated with elevated levels ammonium-N, resulting from the 
mineralization process.
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Figure 20. Influence o f soil temperature and N rate on relative uptake efficiency o f N by
com.
Effects o f  Type o f Organic Waste on Soil Nitrate-N Concentration
Results shown in Figure 21 indicate that N mineralization rates from different 
organic wastes are highly variable. Three weeks after mixing the soil with the three 
organic waste materials, N 0 3-N levels in soil amended with biosolids was about twice as 
high as that with manure, and six times as high as that with compost-amended soil. Since 
the total N additions were comparable from the three materials (Table 24), these results 
indicate a higher mineralization rates with biosolids at high temperatures compared to 
those o f manure and compost.
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Figure 21. Nitrate-N concentration of soil amended with three organic wastes; data for 
each amendment represents the mean of four rates, three temperatures and three 
replications.
Effects o f Loading Rates o f  Organic Wastes on Soil Nitrate-N Concentration
Data in Table 50 show that soil N 03-N level increased significantly with 
increasing rates o f biosolids and manure. Levels of soil N 0 3-N did not change 
significantly in soil amended with compost. These results likely reflect differences in 
organic-N for the respective amendments where 100, 97 and 60 percent organic-N existed 
in compost, biosolids and manure, respectively (Table 23). With compost, N 
immobilization seems apparent which is consistent with its wider C:N ratio (30:1) 
compared to manure (15:1) and biosolids (13:1).
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Table 50. Soil N 03-N concentrations via PSNT assay as affected by four rates of organic 
soil amendment. Values represent the mean of three temperatures and three
replications.
Loading rate Manure Biosolids Compost
Control 11.556 f 16.778 f 14.333 f
Low 50.444 e 6 8 . 0 0 0  de 18.556 f
Intermediate 78.444 d 156.556 b 19.111 f
High 126.444 c 236.889 a 16.333 f
’Values followed by the same letter(s) within a column do not differ significantly at (P<0.05) according to
Duncan’s Multiple Range Test.
Yield Response
The yield o f com in response to the various treatments was determined on two 
harvest days (March 8 , and May 10, 1995). The yield response was generally similar for 
all treatments; only the regression curve representing the effect o f  biosolids at four 
applications rates on com yield is shown in Figure 22. The dry weight ranged from about 
9 to 25 grams per pot (4 plants/pot) across the four rates o f application. The major 
benefit to yield occurred with the first increment 16 Mg/ha (7 tons/acre) on a dry weight 
basis o f soil-incorporated biosolids; subsequent effects on yield were either a slight 
increase or decrease.
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Figure 22. Effect o f biosolids on dry weight o f com. Values represent the mean o f three 
temperatures and three replications.
The effects of soil temperatures on dry matter yield are shown in Figure 23. This 
result is consistent with that o f the extensive research in this area, and shows the 
importance of temperature on com growth. In cool northern areas, soil temperatures are 
highly variable and the relationship between N mineralization from organic wastes and 
plant growth is often asynchronous. For example, the optimum temperature for 
ammonification is 40-60°C (Alexander, 1967). In contrast, com requires mean season 
temperature of 21-32°C for optimum growth (Metcalfe et al., 1980). In the absence of 
careful N management on com, specifically pre-plant use of organic wastes and post­
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
125
plant application o f  supplemental sidedressed N, significant fugitive loss o f N  beyond the 
root zone o f crops may occur.
a
Soil temperature (C)
Figure 23. Effects o f  soil temperature on dry matter yield o f com. Values represent the 
mean of three replications, three materials, and four application rates.
The effects o f type of soil amendment on com yield are shown in Figure 24. 
Significant differences existed between each organic waste and were strongly associated 
with available N concentration of the waste and N 0 3-N levels which accumulated in the 
soil. As discussed early, biosolids yielded the highest amounts of N 0 3-N levels and 
compost the lowest quantity.




Figure 24. Effects o f  three organic wastes on com yield. Values represent the mean of 
three temperatures, four application rates and three replications.
Plant Height
No significant difference in com height existed between manure and biosolids 
treatments although a significant difference did exist in yield between the compost 
treatment and the other two amendments (Figure 25).
1 2 0
Manure Biosolids Compost
Figure 25. Effects o f  three organic wastes on com height. Values represent the mean of 
three soil temperatures, four application rates, and three replications.
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The relationship between rate of soil-incorporated biosolids and com height is 
shown in Figure 26. The regression curve is similar to that between biosolids rate and 
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Figure 26. Effects of four rates o f soil-incorporated biosolids on com height. Values 
represent the mean of three soil temperatures and three replications.
Leaf Color
Com leaf color was evaluated visually using a scale o f 1-4 where 1  = yellow, 2 = 
light green, 3 = green, and 4 = dark green (Table 51). At the lowest soil temperature 
(15°C), no significant difference in foliage color was observed between the three soil 
amendments. At both intermediate and high soil temperatures, differences in leaf color 
did occur with the highest value occurring at 22°C with biosolids. In general, the 
biosolids and manure treatments produced greener foliage compared to the compost
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treatment. The yellow color o f  foliage which occurred at 30°C with the compost 
treatment was likely due to the wide C:N ratio (30:1) of the compost and the resulting N 
immobilization.
Table 51. Leaf color o f com foliage where 1 = yellow and 4 = dark green. Values
represent the mean o f four application rates and three replications.
Soil amendment 15 °C 22 °C 30 °C
Manure 3.083 ab1 2.417 c 2.333 c
Biosolids 3.083 ab 3.333 a 3.167 ab
Compost 3.000 ab 2.833 b 1.750 d
Values followed by the same letters) within a column do not differ significantly at (P<0.05) according to 
Duncan's Multiple Range Test.
The relationship between leaf color and biosolids rates is shown in Figure 27. 
Application rates was highly correlated (r2  = 0.985) with leaf color, reflecting the status 
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Figure 27. Effect o f biosolids rate on leaf color where 1 = yellow and 4 = dark green. 
Data points represent the mean o f three soil temperatures and three replications.
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Root Dry Weight
The effects o f type of soil amendment on dry matter o f  com roots is given in 
Figure 28. Interestingly, the manure treatment produced the highest root yield although 
the biosolids treatment gave the highest foliage yield. It is well known that the toxic 
effects o f NH4 -N , which is in equilibrium with NH3  in aqueous solution, are more likely 
to occur at higher pH levels (Mengel and Kirkby, 1982). The rapid decomposition o f the 
lime-stabilized biosolids, as evidenced by N 0 3-N concentrations, may be impacting root 
development from a combination of high pH and high NH3  production.
Manure Biosolids Compost
Figure 28. Effects o f soil-incorporated organic wastes on root yield o f com. Data 
represent the mean of three soil temperatures, four application rates and three 
replications.
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The treatment effects o f  on root yield o f com were generally similar for all three 
materials (manure, biosolids, and compost). The effects o f three soil temperatures on root 
yield is shown in Figure 29. These data and results o f  Figure 23 show a consistent effect 
o f soil temperature on both root and foliage yield of com. The dominant effect o f  soil 
temperature on com growth is apparent. Practices which directly or indirectly affect soil 
temperature will directly affect com performance. In New England, low spring 
temperatures are likely limiting the release rate o f N from organic wastes, N uptake by 











Figure 29. Effects of soil incorporated biosolids on root yield o f com growth at three soil 
temperatures. Data represents the mean o f four rates and three replications.
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The curvilinear relationship between biosolids rate and root yield is shown in 
Figure 30. These data and results o f Figures 22 show a consistent plant response to 
increasing rates o f biosolids. As the rates of soil-incorporated biosolids increased from 7 
to 21 tons/acre (dry basis), root yields leveled off and then decreased sharply. Such 
results support the point that excessive loading of biosolids may have led to phytotoxic 
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Figure 30. Effects o f four rates o f soil-incorporated biosolids on root yield o f com. Data 
points represent the mean of three soil temperatures and three replications.
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Experiment 2: Effects of pH and Soil Temperatures on Trace Metal Uptake 
by Vegetables Grown in Biosolids-Amended Soil
In this greenhouse study, the principal objective was to determine the effects o f an 
adjusted soil pH gradient (7.4, 6.4, 5.3 and 4.1) on trace metal uptake by three vegetables 
(green bean, lettuce, and radish). The crops were grown in soil which had received high 
rates o f biosolids under field conditions (Site I). Zinc and copper were the priority metals 
evaluated in this study as they are the most abundant metals in most biosolids. The 
cumulative loading rate o f Zn and Cu over the three years (1993, 1994, and 1995) at Site 
I was 64 and 28 kg/ha, respectively, which was 2.3% and 1.9% o f  the CPLRL listed in 
the EPA 503 standard for metals.
Trace Metal Uptake
The concentrations of Zn and Cu in the edible portion o f bean, lettuce, and radish 
at various soil pH and soil temperatures are given in Tables 52, 53, and 54.
Table 52. Concentrations o f Zn and Cu in pods of green bean harvested 64 days post-
plant at the respective treatments. Values are results from Replication Ia.
Treatment 15°C 22°C 30°C
pH 7.4 25
Zn (mg k g 1) 
23 30
pH 6.4 29 23 -
pH 5.3 39 27 33
pH 4.1 - - -
pH 7.4 7
Cu (mg kg'1) 
5 8
pH 6.4 4 5 -
pH 5.3 6 4 6
pH 4.1 - - -
“Zinc and copper were extracted using HN03 and HC1 (Analytical Procedures).
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Table 53. Concentrations o f Zn and Cu in lettuce harvested 56 days post-plant at the 
respective treatments. Values are results from Replication Ia._____________________
Treatment 15°C 22°C 30°C
pH 7.4 40
Zn (mg k g 1) 
54 98
pH 6.4 84 74 139
pH 5.3 59 131 135
pH 4.1 - - -
pH 7.4 8
Cu (mg kg'1) 
8 13
pH 6.4 8 1 0 15
pH 5.3 7 1 2 14
pH 4.1 - - -
JZinc and copper were extracted using HN03 and HCl (Analytical Procedures).
Table 54. Concentrations of Zn and Cu in the edible portion of radish harvested 50 days 
post-plant at the respective treatments. Values are results from Replication Ia._______
Treatment 15°C 22°C 30°C
pH 7.4 35
Zn (mg kg'1) 
28 34
pH 6.4 30 37 38
pH 5.3 40 50 85
pH 4.1 - - -
pH 7.4 4
Cu (mg kg'1) 
4 3
pH 6.4 4 5 4
pH 5.3 4 5 7
pH 4.1 - - -
JZinc and copper were extracted using HN03 and HCl (Analytical Procedures).
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Results in Tables 52-54 show that concentrations o f Zn and Cu in plant tissue 
increased with a decrease in soil pH from 7.4 to 5.3. At pH 4.1, no plants survived, 
thereby eliminating an opportunity for tissue assays.
The increased concentration of metals in plant tissue with decreased soil pH 
results from the increased solubility of Zn and Cu and movement of the ions to the soil 
solution where they are available for plant uptake. For example, Jeffery (1983) found 
that the concentration o f soluble Zn increased approximately 100 times as the soil pH 
declined from 7.5 to 4.4. Numerically, tissue concentrations o f both Zn and Cu shown in 
Tables 45 - 47 fall into the lower part of the normal range o f Zn and Cu concentrations 
which are commonly observed for the respective plants (Table 55). These results suggest 
a minimal to non-existent health risk existing from elevated accumulations o f Zn and Cu 
in vegetables grown in biosolids-amended soil at low soil pH when agronomic rates are 
used.
Table 55. Typical concentration ranges of Zn and Cu in plant leaves. Values are 
expressed as mg kg ' 1 on a dry weight basis.____________________________________
Trace Metal Deficiency Normal Excessive Tolerable
Zn 1 0 - 2 0 27-150 100-400 300
Cu 2-5 5-30 2 0 - 1 0 0 50
Source: Kabata-Pendias and Pendias (1992).
Elevation in soil temperature form 15 to 30°C led to increased tissue 
concentrations o f Zn and Cu in lettuce and radish; metal concentrations in bean were 
essentially non-responsive to treatment. With decreased pH, lettuce was the most 
responsive crop as evidenced by its elevated tissue levels o f Zn and Cu; Zn uptake was
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more affected than Cu by increase in soil temperature. Radish uptake of Zn showed a 
marked increase with soil pH reduction, with the most pronounced change occurring at 
the highest soil temperature. The positive effect o f  elevated soil temperatures on the 
uptake o f solublized Zn (e.g. pH 5.3) by both radish and lettuce may reflect a short 
translocation paths and the fact that Zn uptake is metabolically controlled (Mengel et al., 
1982). Increases in soil temperatures would be expected to increases both solubilization 
and metabolic processes.
Vegetable Yield
Vegetable yields were determined to evaluate the effects o f adjusted soil pH 
gradient (pH 7.4, 6.4, 5.3, and 4.1) on the growth of the three crops. Since no plant 
biomass was produced from the lowest soil pH (4.1) treatment, results from three pH 
treatments are given in Table 56.
Lettuce was the most responsive crop to changes in soil pH with marked growth 
benefits existing with progressive elevation in pH. Significantly higher bean yields 
occurred at pH 7.4 compared to lower soil pH treatments. Radish yield was not 
significantly affected by pH treatments. Such results with radish may be due to the fact 
that radish has the shortest time requirement to achieve maturity (typically 20-25 days) 
compared to the other two species (green bean, 50 days; lettuce, 49 days). The question 
may be asked: Does a fast growth species adequately reflect the chemical status of a soil?
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Table 56. Effects o f  soil pH gradient on vegetable yield following growth in a biosolids- 
amended soil. Four plants were grown in each pot. Values represent the mean of
three soil temperatures and three replications.
Treatment Dry matter (g/pot) Relative dry matter (%)
pH 7.4 15.17 aa
Green bean
1 0 0
pH 6.4 11.97 ab 79
pH 5.3 11.30 b 74
pH 7.4 12.32 ab
Lettuce
1 0 0
pH 6.4 10.30 b 84
pH 5.3 4.05 c 33
pH 7.4 10.31 b
Radish
1 0 0
pH 6.4 11.33 b 1 1 0
pH 5.3 9.46 b 92
Values followed by the same letter(s) within a column do not differ significantly at (P<0.05) according to
Duncan’s Multiple Range Test
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C. LABORATORY INVESTIGATIONS
Nitrogen mineralization/immobilization rate is important in the development of 
agronomic rate-based programs for land application o f organic wastes. Mineralization 
refers to the processes o f ammonification and nitrification in this paper. Immobilization 
is the process by which inorganic or mineral forms o f nitrogen are converted into organic- 
N. These microbiologically-controlled mineralization/immobilization processes are 
significantly affected by environmental conditions. Soil factors favoring the growth of 
most upland agricultural plants include those that affect the activity o f nitrifying bacteria 
such as soil temperature, salinity, texture, acidity, aeration, and cation exchange capacity 
(Paul, 1989). In this study, concentrations o f NH4-N and N 03-N in soil amended with 
organic wastes and incubated for 16 weeks are tabulated (Table 57).
Data in Table 57 show that soils are highly variable in their rates o f ammonification 
and nitrification when amended with organic wastes. One week after mixing with 
biosolids, all soils showed ammonification as the dominant process yielding quantities o f 
NH4-N which were approximately double those o f unamended soils. Ammonification in 
soils amended with OMI compost, a biosolids-based product, was generally equal to or 
less than that o f unamended soils. Levels o f N 0 3-N in biosolids-amended soil after one 
week was lower than in control soils in all cases.
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Table 57. Concentrations o f nitrate-N and ammonia-N at week 1 and 5 after incubation. 
Values are the mean of three replications, and expressed as mg kg’ 1 on a dry weight
basis.____________________________________________________________________
Treatment___________________________Incubation time in week____________________
Week 1 Week 5
NOi-N NHr N NO,-N NH<-N
Agawam soil 32.0 197.0 64.3 15.0
Soil + biosolids 9.3 249.0 9.0 17.3
Soil + OMI 95.7 126.0 59.0 6 . 0
Chatfield soil 24.0 166.0 19.5 67.0
Soil + biosolids 3.0 260.3 2 . 0 242.7
Soil + OMI 95.0 1 1 2 . 0 52.7 84.3
Hadley soil 15.0 127.7 52.0 87.7
Soil + biosolids 3.0 269.0 2 . 0 247.7
Soil + OMI 68.3 76.7 93.3 24.3
Marlow soil 26.7 168.0 7.7 30.3
Soil + biosolids 26.3 267.0 99.9 49.0
Soil + OMI 81.3 143.0 127.7 31.7
Occum soil 14.7 180.0 28.7 124.0
Soil + biosolids 2.3 304.7 4.0 241.7
Soil + OMI 65.3 217.0 58.3 90.7
Ondawa soil 32.3 84.0 13.3 44.0
Soil + biosolids 3.3 194.0 1 1 . 0 137.0
Soil + OMI 79.0 66.7 67.7 2.3
Scantic soil 110.3 1 2 1 . 0 262.7 10.3
Soil + biosolids 3.0 355.3 12.3 30.3
Soil + OMI 153.7 129.7 178.0 8.7
Windsor soil 2.5 95.7 32.3 5.7
Soil + biosolids 1.7 219.3 8 . 0 11.7
Soil + OMI 51.0 102.3 84.7 4.0
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After five weeks o f incubation, the NH4 -N:N03-N ratio showed marked differences 
between soils and amendments. For example, NH4-N concentrations remained high in 
Chatfied, Hadley, Occum and Ondawa soils amended with biosolids but dropped 
markedly in Agawam, Marlow, Scantic and Windsor soils.
The carbon-to-nitrogen ratio (C:N) of the organic waste added to soil is known to 
greatly affect the rate o f decomposition and release o f N 0 3 -N. A C:N ratio of 
approximately 20:1 is the critical value above which no net production o f N 0 3-N occurs 
as part of the decomposition process (RechcigI, 1995). Data o f Table 58 indicate that this 
immobilization was clearly present with all soils and both organic amendments at both 
incubation treatments. In general, net N immobilization in soil + biosolids treatments 
was about double that o f soil + OMI compost treatments. Such results, where the higher 
C:N amendments (OMI compost with 30:1) showed less immobilization compared to the 
lower C:N amendment (biosolids with 13:1) suggests a critical review o f the traditional 
C:N ratio and how it is derived.
Specifically, examining the nature of the carbon profile o f biosolids and composts 
may aid in the interpretation of these data. Relying on a traditional C:N assay (i.e. total C 
and total N) may lead to an incomplete understanding o f the decomposition and 
immobilization process.
Rapid decomposition o f organic amendments require that the carbon fraction be 
readily assimilated by soil microorganisms. It is suggested that one reason for the greater 
immobilization o f N in this laboratory setting following biosolids addition of soil - even 
with their narrow C:N ratio - is the presence o f more abundant assimilable carbon. In 
biosolids, the profile analysis showed that lignin, hemicellulose and cellulose were 8 . 1 ,
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1.0 and 4.1 percent, respectively; in OMI compost, values for the respective C fraction 
were 33.8, 7.0 and 7.2 percent. If it is assumed that (1) the recalcitrant form of C is the 
sum o f the lignin, hemicellulose, and cellulose fractions, which are 48% for the OMI 
compost and 13.2% for biosolids, and (2) the labile C is simply calculated as 1 - 48.0% = 
52.0% for OMI compost, and I - 13.2% = 8 6 .8 % for biosolids, then the “labile C:N” ratio 
for OMI and biosolids are 15.9:1 and 11.7:1, respectively. Therefore, it may be more 
realistic to use an “labile C:N” to better understanding N mineralization-immobilization 
rather than “total C:N” ratio. One confounding factor in the interpretation of these 
incubation data is possible denitrification associated with poor aeration in soil+biosolids 
treatments which would cause over-estimates o f N immobilization; denitrification rates 
were not measured in the incubation study.
Since field results at Site I involved reliance on Ondawa soil, this soil was chosen 
as the media for subsequent greenhouse and laboratory work. The laboratory incubation 
measured temporal changes in the concentrations o f both N 0 3-N and NH4-N in Ondawa 
soil amended with Concord biosolids or OMI compost; five samplings were made over 
the 16-week incubation period and the results are given in Figure 31 and 32.
Results illustrated in Figure 31 show that NH4-N levels are high and decrease 
rather suddenly with incubation time in soil+biosolids treatments compared to soil+OMI 
treatments. This may relate to poor aeration conditions which existed during incubation 
with soil+biosolids treatments (this was noticed at the time of adjusting soil moisture) 
which could depress the conversion speed from NH4-N to N 0 3 -N. In contrast, good 
aeration conditions appeared to be satisfied with the soil+OMI treatments, resulting in a
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high rate o f  nitrification and a low level o f  NH4-N as shown in Figure 31 and a high level 
o f N 0 3-N in soil+OMI treatments as shown in Figure 32.
In Figure 32, data also show that NO3 -N concentrations were low with the 
soil+biosolids treatments. This is possibly due to low nitrification and high 
denitrification rates which were associated with the unsatisfied aeration conditions during 
the incubation as discussed earlier.
The level o f NH4-N with the soil+OMI treatment was lower than that with the 
control (soil) in the first 7.5 weeks after start o f the incubation (Figure 31). These data 
suggest that N immobilization by microbial growth existed with soil+OMI treatments. 
Many studies have indicated that NH4 -N, already in the reduced state required for 
incorporation into amino acids, is preferred to NO3 -N by microorganisms in N 
immobilization (Paul, 1989; Lehninger, 1984; Mengel et al., 1978). Even low levels of 
NH4-N often repress the enzymes required for N 0 3-N reduction (Paul and Clark, 1989). 
In practice, if  N immobilization occurs following application of compost in field crop 
production, the shortage of available N can be avoided by supplying enough fertilizer 
nitrogen (e.g. sidedressing N) to compensate for immobilization and to meet the crop 
requirements. Data in Figures 31 and 32 also show net N mineralization after eight 
weeks o f incubation of the “soil + compost”.
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Table 58. Net N mineralization-iimnobilizatioii rate (%)a o f total organic-N added from 
either Concord biosolids or Dover OMI compost. Values are the mean of three
replications.
Treatment Incubation time in week
Week 1 Week 5
Agawam soilb 
Soil + biosolids -2.60° -2.80
Soil + OMI -1.39 -1.41
Chatfield soil
Soil + biosolids -2.50 -2.30
Soil + OMI -1.31 - 1 . 2 1
Hadley soil 
Soil + biosolids -2.37 -2.41
Soil + OMI -1.36 -1.43
Marlow soil
Soil + biosolids -2.43 -2.41
Soil + OMI -1.27 - 1 . 0 0
Occum soil
Soil + biosolids -2.41 -2.45
Soil + OMI - 1 . 1 0 -1.37
Ondawa soil
Soil + biosolids -2.50 -2.46
Soil + OMI -1.27 -1.33
Scantic soil
Soil + biosolids -2.37 -3.22
Soil + OMI - 1 . 2 1 -1.63
Windsor soil
Soil + biosolids -2.38 -2.71
Soil + OMI - 1 . 2 0 - 1 . 2 1
“Net N mineralization/immobilization rate (%) = Quantity of inorganic-N released from organic waste / 
Total organic-N added from organic waste. 
bEach soil received equal quantities by weight of dry amendment. The quantity of total N supplied by
biosolids was 130% that provided by compost 
'Sign notes immobilization.
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Figure 31. Change ofNH4-N concentration from week 1 to 5 after incubation of Ondawa 
soil, soil with Concord biosolids, and soil with Dover OMI compost. Data points 
represent the mean o f three replications.
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Figure 32. Change o f N 0 3-N concentration from week 1 to 5 after incubation of Ondawa 
soil, soil with Concord biosolids, and soil with Dover OMI compost. Data points 
represent the mean of three replications.
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Because of the great variability among the soils in N release, the effects o f soil 
properties on N ammonification and nitrification were evaluated. Results o f  stepwise 
regression analysis using the eight soils and four selected soil parameters (clay, sand, pH, 
and Ca) are summarized in Table 59. All independent variables showed a significant 
simple correlation coefficient with the respective dependent variables (Data not shown).
Table 59. Stepwise regression analysis for dependent and independent variables in the 






variable (X) t valuea Regression Equation Adj. R2
n h 4-n Clay (Xj) 0.800 Y = 358.33 + 1.63X, - 0.98 X2  - 1.04X3 0.646
Sand (X,) -0.865
C a(X 3) -1.082
n o 3-n Clay (X,) 1.294 Y = 122.23 + 1.17X, - 1.06 X2  0.777
Sand (X,) -1.872
'Only the t value of independent variable Clay for dependent variable NH4-N is significant at 0.1 level.
As shown in Table 59 above, the relative contribution of the selected independent 
variables to NH4-N production is: Clay > sand > Ca. The significant effect o f clay 
content o f soil on N ammonification was evident with a one percent increase in clay 
content o f soil showing approximately a 1.6 mg kg-1 increase in concentration of NH4-N 
at week 1  o f incubation.
Two mechanisms are suggested to explain these N transformations. First, the 
poorer aeration conditions associated with clay soils during the incubation may cause a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
145
depression in the nitrification rate. This would result in the accumulation o f NH4-N since 
nitrification is an oxidation processes which requires the obligatory presence of oxygen. 
Secondly, Anderson et al. (1981) noted that a high clay content in soil could make the 
labile organic carbon extremely resistant to further breakdown because o f the large 
surface area o f clay particles and their high adsorption rate.
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V. SUMMARY AND CONCLUSIONS
Bioavailability of nutrients and trace metals following soil-incorporation of 
organic wastes was investigated under field, greenhouse and laboratory conditions. 
Emphasis was placed on seasonal N 0 3-N release patterns in the field with a goal to assist 
in N management for com production in northern areas. Greenhouse experiments 
measured Zn and Cu uptake by vegetables grown in biosolids-amended soil over a range 
of soil temperatures and pH levels. A laboratory incubation o f biosolids- and compost- 
amended soils was designed to identify the significance o f various soil properties on N 
mineralization and immobilization.
Field Experiments
Field studies conducted with biosolids and dairy manure used a range of 
monitoring techniques to track seasonal changes in N and assess the bioavailability of 
nutrients and metals to various crops. The advanced integrated monitoring system 
(AIMS) used (a) pre-sidedress soil nitrate test (PSNT), (b) suction lysimetry, (c) 120-cm 
deep soil coring, and (d) groundwater monitoring wells.
Data from the AIMS showed a slower N bioavailability from biosolids compared 
to dairy manure with concentrations o f soil N 0 3-N being higher in the early growing 
season in plots amended with manure compared to those with biosolids. A high seasonal 
variability and significant post-harvest release o f N 03-N from biosolids was observed in
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lysimeter and PSNT samples. These results likely reflect the high organic-N (>90%) in 
biosolids compared to lower organic-N levels (50-60%) in manure and low spring 
temperatures which limited microbial conversion o f organic-N into plant-available N 0 3- 
N. Field results suggested a greater bioavailability o f nutrients from anaerobically- 
digested biosolids which was more in synchrony with the nutrient demands o f the crop 
compared to release patterns from aerobically digested biosolids.
At high application rates, both biosolids and dairy manure generated fugitive 
N 0 3-N that escaped beyond the root zone. The potential risk o f N 0 3-N pollution of 
groundwater appeared higher with plots amended with biosolids compared to those with 
manure because o f greater variability in chemical composition, slower N 0 3-N release, 
and greater content o f organic-N. Such results support the use of a conservative N 
mineralization rate (e.g. 50% NMR) with reliance on PSNT assay for precise N 
management rather than use the 20% NMR endorsed by the US EPA. However, when 
applied at agronomically appropriate rates, both biosolids and manure yielded soil N 0 3-N 
concentrations which declined linearly throughout the growing season, reached 
acceptable levels (N 03-N <15 mg kg’ 1 in soil; N 0 3-N between 10-15 mg L’ 1 in soil pore 
water; and N 0 3-N < 10 mg L' 1 in groundwater) in fall, and posed little risk to 
groundwater quality.
The nutrient profile o f biosolids indicates a K deficit which will require the use o f 
supplemental fertilizer-K for a balanced nutrient ratio. Lime-stabilized biosolids supplied 
abundant Ca, which elevated soil pH following their land application, which will restrict 
their frequency o f use. Analysis o f  core segments from deep soil sampling (0-120 cm) 
showed statistically significant elevations in the concentrations o f Zn, Cu and Pb only in
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the top 0-30 segment o f the soil profile. These elevations were slight and within the 
range commonly found in soils. Zinc and copper are quantitatively the priority trace 
metals in biosolids-amended soils.
Yield response to soil-incorporated organic wastes varied from year-to-year and 
site-to-site. Soil fertility and precipitation were major contributors to the yield variation 
o f com. Analysis o f  variance for yield obtained from 1993 to 1997 at Site I showed that a 
significant year-to-year difference existed while no significant difference occurred 
between treatments. At Site II, yield improvements occurred with the higher rates o f both 
aerobically-digested and anaerobically-digested biosolids in 1994 compared to that in 
1993 and 1995 when no benefits were noted. At Site m , results indicated a greater 
nutrient bioavailability and more consistent crop response to anaerobically-digested 
biosolids compared to aerobically-digested biosolids.
Greenhouse Experiments
Effects of soil temperature on N release from three organic wastes (Concord 
biosolids, dairy manure, and CTC compost) and its uptake by com were investigated 
under greenhouse conditions. The concentration o f N 0 3-N in soil amended with 
biosolids was approximately twice that o f manure-amended soil, and six times that o f 
compost-amended soil when equivalent N was supplied and incubated under identical 
conditions.
The color o f  com leaves clearly reflected N loading rates with statistically 
significant treatment effects. Lime-stabilized Concord biosolids appeared to stimulate
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lateral growth of com above-ground. At the low 15.7 Mg/ha (7 tons/acre, DW basis) and 
intermediate application rate (31.4 Mg/ha) o f biosolids, N uptake efficiency by com 
increased with increasing soil temperature, while at the high rate (47.1 Mg/ha) no 
relationship existed between soil temperature and N uptake efficiency, possibly due to 
phytoxicity of elevated levels o f ammonium-N.
Using a soil pH gradient (pH 7.4, 6.4, 5.3, and 4.1) as an index for bioavailability 
o f trace metals (Zn and Cu from the Concord biosolids loaded at the highest rate of 60 
Mg/ha DW basis) with vegetable crops (green bean, lettuce, and radish) showed that 
concentrations o f Zn and Cu in the edible portion of plant tissue o f all species were 
elevated with decreased soil pH. However, even at the highest application rate of 
biosolids, levels o f tissue Zn and Cu at pH 5.3 - 7.4 with soil temperature between 15 - 30 
°C were all in the normal range reported in literature. With decreased soil pH, lettuce was 
the most responsive vegetable, as evidenced by its elevated tissue levels of Zn and Cu, 
compared to bean and radish. Plant uptake o f Zn was more positively affected than Cu 
by increases in soil temperature.
Laboratory Experiments
A laboratory incubation study, designed to evaluate the effects o f soil properties 
on N mineralization/immobilization rate from organic-N sources showed substantial 
effects on N transformations. Clay content o f soil demonstrated a significant positive 
influence on NH4-N production. Characterization of clay and its interaction with NH4-N 
in relation to organic-N transformation warrant further study. In terms o f the C:N ratio,
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use of a labile C to total N ratio rather than a total C to total N ratio may provide insight 
in interpreting N mineralization and immobilization rates since carbon availability is 
essential as a controlling factor in microbiologically-based N release processes.
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APPENDIX
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Appendix Table 1. “Recipe” of experimental treatments used in the Laboratory 
Incubation Study in Spring, 1997.
Wt of soil Wt of biosolids WtOfOMI ! Water Total bag
Soil Treatment Dry(g) Wet(g) Dry (g) Wet (g) Dry (g) Wet (g)Udd.(ml) Bag#. i Wt (g)
Agawam Control 100 138.5 0 0 i 3.1 30 141.6
Soil+Bios. 100 138.5 10 32.2 0 I 3.1 30 : 173.8
Soil+OMI 100 138.5 0 10 24.8 3.1 30 166.4
Chatfeild Control 100 131.0 0 0 8.2 30 139.2
Soil+Bios. 100 131.0 10 32.2 0 i 8.2 30 171.4
Soil+OMI 100 131.0 o ! 10 24.8
i
! 8.2 30 164.0
Hadley Control 100 125.0 o 0 ; 12.6 30 137.6
Soil+Bios. 100 125.0 10 32.2 0 : 12.6 30 169.8
Soil+OMI 100 125.0 0 10 24.8 ; 12.6 30 162.4
Marlow Control 100 138.2 0 o 1.0 30 139.2
Soil+Bios. 100 138.2 10 32.2 0 1.0 30 171.4
Soil+OMI 100 138.2 o ! 10 24.8
I
1.0 30 164.0
Occum Control 100 127.9 o 0 7.3 30 135.2
Soil+Bios. 100 127.9 10 I 32.2 0 7.3 : 30 167.4
Soil+OMI 100 127.9 0 i 10 24.8 7.3 i 30 160.0
Ondawa Control 100 110.5 0 0 33.5 I 30 144.0
Soil+Bios. 100 110.5 10 32.2 0 33.5 i 30 176.2
Soil+OMI 100 110.5 0 10 24.8 33.5 ; 30 168.8
Scantic Control 100 124.2 0 i 0 : 13.4 i 30 137.6
Soil+Bios. 100 124.2 10 j
i
32.2 j o ! 13.4 30 169.8
Soil+OMI 100 124.2 ! 0 10 24.8 13.4 30 162.4
Windsor Control 100 124.4 o ; 0 11.6 ! 30 136.0
Soil+Bios. 100 124.4 i 10 ! 32.2 0 11.6 | 30 ! 168.2
Soil+OMI 100 124.4 o i 10 24.8 11.6 ! 30 ! 160.8
Note: The scientific nomenclature of soil is given in Appendix Table 2. Biosolids were from the Concord 
Waste Water Treatment Facilities and OMI was a biosolids-compost from Dover.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
153
Appendix Table 2. Scientific nomenclature o f the eight soil samples collected in Fall 
1996 throughout NH and used in the Laboratory Incubation Study in Spring, 1997.
Soil Scientific nomenclature Location
Agawam Coarse loamy, over sandy or sandy 
skelatal, mixed, mesic, Typic 
Dystrochrept
Grafton county
Chatfield Coarse loamy, mixed, mesic, Typic 
Dystrochrept
Lee, Strafford county
Hadley Coarse silty, mixed, non-acid, mesic, 
Typic Haplorthod
Grafton county
Marlow Coarse loamy, mixed, frigid Typic 
Haplorthod
Wilton, Hillsborough county
Occum Coarse loamy, mixed, mesic, Fluventic 
Dystrochrept
Milford, Hillsborough county
Ondawa Coarse loamy, mixed, frigid, Fluventic 
Dystrochrept
Boscowan, Merrimack county
Scantic Fine, illitic, non-acid, frigid, Typic 
Epiaquept
Lee, Strafford county
Windsor Mixed, mesic, Typic Udipsamment Grafton county
Appendix Table 3. Soil particle size analysis o f the eight soil samples collected in Fall 
1996 throughout NH and used in the Laboratory Incubation Study in Spring, 1997.
Soil %Sand %Silt %Clay
Agawam 43.2 46.9 9.9
Chatfield 41.5 47.7 10.9
Hadley 47.2 42.6 1 0 . 2
Marlow 61.6 28.2 1 0 . 2
Occum 51.0 34.5 14.6
Ondawa 61.8 30.1 8 . 1
Scantic 17.4 43.0 39.6
Windsor 72.2 18.8 9.0
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